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Basin wildrye (Elymus cinereus) as a Tool for Revegetation of Arsenic- 
Contaminated Sites
Director: Dr. Thomas H. DeLuca
Mining throughout the West has left the present generation with a legacy of 
toxic contamination. This source of environmental pollution is particularly 
concerning as contaminants such as arsenic leach through the soils to 
groundwater, and run off into surface waters. Restoration efforts of these 
arsenic-contaminated sites is essential to limit the spread of arsenic. This 
research was conducted to gain insight into the arsenic tolerance of basin 
wildrye, or Elymus cinereus; specifically that of its mechanism of tolerance. 
Mycorrhizae and phosphorus availability were suspected to contribute to 
arsenic tolerance. Arsenic, phosphorus, and mycorrhizal treatments were 
applied to basin wildrye plants in sand culture in the greenhouse. It was 
determined that mycorrhizae did not significantly influence arsenic tolerance, 
while phosphorus availability played a major role at higher arsenic levels. 
Arsenic concentrations in the roots of healthy plants were as high as 1400 ppm, 
with shoot concentrations as high as 100 ppm. Although the specific tolerance 
mechanism was not determined, it appears that it may be dependent on a 
combination of phosphorus availability, sequestration of arsenic in the roots, 
and a suppressed phosphate uptake system.
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INTRODUCTION
Historic mining throughout the West has left the present generation with a 
legacy of toxic contamination, saturating once pristine soils with elevated levels of 
toxins such as arsenic, copper, cadmium, and manganese (EPA, 1979), This legacy 
has become particularly concerning in the case of arsenic, due to its tendency to 
migrate far fi'om its source and contaminate urban drinking water. The initial spread 
of this arsenic through mining occurred primarily through smelting operations, 
contaminating soils for miles around with its airborne effluent (Cunningham et al, 
1995). Today, the slow erosion of slag (waste) piles on mining sites serves to 
contribute the majority of arsenic to the soil. Regardless of its source, however, 
arsenic-rich soil generally supports little vegetation. Barren soils such as these are 
much more susceptible to wind and water erosion, serving to spread the arsenic over 
a broader area. Most concerning, however, is the greater leaching and surface run­
off that occurs in the absence of vegetation, drastically increasing contamination of 
both groundwater and surface water (Francis, 1994).
Clearly, a means of containment and potential remediation is of utmost 
importance. Unfortunately, many broadly accepted means of clean up are very 
expensive (Black, 1995), leading to avoidance of restoration by responsible parties, 
or complete abandonment of the sites. The cost of restoration of these abandoned 
sites then falls on the taxpayers, if restoration efforts are even attempted. A simple, 
cost effective method is needed to encourage responsible parties to do their part, as 
well as facilitate taxpayer-funded projects. Phytoremediation, the concept of using 
plants to contain and restore polluted sites, may be the answer.
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At its most primal stage, phytoremediation involves the stabilization of 
contaminated sites (such as heavy metal-contaminated mining sites) with plants 
tolerant of these conditions. Once established, the root mass of these plants binds up 
the metals in the soil, significantly reducing erosion and leaching potential 
(Cunningham et a i, 1995). The increased organic matter, contributed to the soil as a 
result of plant presence, also acts to bind up metals and oxyanions such as arsenic 
(Stevenson, 1986). The added carbon from plant biomass, combined with root 
exudates, also attracts a host of soil microorganisms (Lee and Banks, 1993). Some 
of these microorganisms are capable of converting contaminants to less harmful 
forms (Sandman and Loos, 1984), or, in the case of heavy metals, can completely 
immobilize them (Shetty, et al., 1994).
Grasses, in particular, are considered to be useful mechanisms of remediation, 
because they can establish quickly, contribute a substantial amount of organic matter 
to the soil, and provide a fine root mass adept at binding contaminated soil.
Currently, grasses such as tall fescue (Festuca spp.) and bermudagrass {Cynodon 
dactylori) are being promoted for their effectiveness in remediation of sites high in 
boron (tall fescue), manganese, and zinc (bermudagrass) (Banuelos, 1995; Taylor, 
1992).
Basin wildrye {Elymus cinereus), a grass found primarily in western states, has 
been observed growing abundantly in high arsenic soils. As such, it would appear to 
be an obvious candidate for stabilization and remediation of arsenic-rich sites, 
although little research has been performed in this area.
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The following experiment was conducted to investigate this association of 
basin wildrye with arsenic-rich soils, and improve restoration efforts of arsenic 
contaminated sites. In particular, its basic mechanism of arsenic tolerance was of 
interest. With this knowledge, restoration efforts could be tailored to maximize plant 
growth and remediation.
Based on previous studies conducted with metal-tolerant plants, it was 
considered that the arsenic tolerance of basin wildrye might be obtained through a 
symbiotic association with mycorrhizae. Certain mycorrhizae have been shown to 
impart tolerance of specific contaminants to their plant hosts (Jones and Hutchinson, 
1986; Read and Stribley, 1975; Bradley, 1982). This possible mechanism of arsenic 
tolerance was supported by the knowledge that basin wildrye plants growing on an 
arsenic-rich reference site had been observed to be colonized by mycorrhizal fungi
The ôther likely means of tolerance considered was the permanent suppression 
of its phosphate uptake system. Arsenate is a phosphate analogue and is transported 
by the phosphate uptake system in higher plants (Meharg, 1994). Through 
permanent suppression of this uptake system, plants such as velvet grass (Holcus 
Icmatus) have been shown to withstand substantial levels of arsenic (Meharg and 
Macnair, 1990; 1992). Specifically, this suppression allows for the accumulation of 
arsenic to be much slower, thereby allowing the plant time to detoxify.
The experiment was designed to test the above hypotheses. To accomplish 
this, basin wildrye plants would be observed for their response to increasing arsenic 
availability, given specific levels of phosphorus availability and the presence or 
absence of mycorrhizae.
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Specifically, I wanted to determine:
1) The role of mycorrhizae in the arsenic tolerance of basin wildrye.
2) The role of elevated levels of phosphorus in the arsenic tolerance of 
basin wildrye (related to the suppressed phosphate uptake system).
3) The effect of increasing levels of arsenic on both basin wildrye and 
the mycorrhizae.
What follows is à thorough synopsis of this experiment. Chapter 1 is a literature 
review discussing arsenic, basin wildrye, possible tolerance mechanisms, and 
mycorrhizae. Chapter 2 explains the methodology. Chapter 3 presents the results of 
the experiment, and discussion of the findings. Chapter 4 presents the final 
conclusions.
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CHAPTER 1 .  LITERATURE REVIEW
The most important aspect of this experiment is its potential to contribute to the 
restoration of arsenic-rich sites. To fully appreciate the need for improved methods 
of clean up on these sites, it is important to understand the sources from which 
arsenic can originate, its behavior in the soil, and the problems associated with this 
contamination.
Arsenic Sources and Problems o f Contamination
Arsenic-rich soils can originate from both natural and anthropogenic sources. 
Arsenic is a constituent of an estimated 245 mineral species, ranking 20th among 
elements in crustal abundance (5 x 10"* % of the earth's crust). It is not a heavy 
metal, but an oxyanion. It generally exists in three common valence states: 
metalloid (0 oxidation state), arsenite (trivalent state), and arsenate (pentavalent 
state). Arsenite is considered to be more toxic than arsenate.
Within the earth, sulfide deposits associated with nonferrous ores demonstrate 
elevated arsenic concentrations, as well as sedimentary deposits such as iron ore, 
phosphate rock, borax ore and manganese ore. The natural weathering of these 
mineral ores and others are the primary means of the 'natural' contribution of arsenic 
to the environment, releasing 45,000 metric tons of arsenic per year (Lowenbach and 
Schlesinger, 1979). Igneous rock releases 3,000-4,200 metric tons of arsenic per 
year to weathering, while sandstone and limestone release 2,000-2,500 metric tons. 
Shales are also major contributors of arsenic. When arsenic is released from
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weathering rock, it is oxidized by natural processes to the pentavalent organic state, 
and it is in this state of lower toxicity that it is usually found naturally in the soil.
The three major human sources of arsenic are fossil fuel consumption for 
energy production, primary copper smelting, and arsenic production and commercial 
use. The use of coal alone for energy production releases 2,700 metric tons of 
airborne arsenic per year into the air. Primary copper smelting releases 8,200 metric 
tons of arsenic per year to land, and 1,500 metric tons of arsenic into the air. Copper 
refining adds an extra 1,400 metric tons/yr to land (Lowenbach and Schlesinger,
1979). In association with arsenic production and commercial use, wood 
preservation alone accounts for 74% of the arsenic used in the United States (U.S. 
Dept, of Health, 1990).
The release of this quantity of arsenic into the environment inevitably results in 
contaminated soils throughout the United States and the world. Unfortunately, high 
concentrations of arsenic in the soil support little vegetation (Ullrich-Eberius et a l, 
1989). Not only does this prevent vital habitat and forage for wildlife from 
establishing, but it can also increase soil erosion by wind and water. Along with 
runoff into surface waters, this increased erosion generally leads to leaching of 
arsenic further down into the soil, either relocating in a different layer or continuing 
on to the water table.
Leaching rates of arsenic are dependent on several environmental factors, 
including levels of precipitation, soil type, distance to water table, and type of 
arsenical compound. For example, lead and calcium arsenates (and arsenites) tend to 
leach through the soil much more slowly. This is because these ions are readily
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sorbed by hydrous oxides of iron and aluminum in the soil, which leach very slowly 
(Stevenson, 1986).
Whether it is through leaching or surface runoff, however, once arsenic 
reaches water, it can become much more problematic. In its pentavalent state, 
arsenic tends to stay in solution. It will generally only precipitate out if it is reduced 
to the trivalent state, usually requiring anoxic or acidic conditions (Brown and 
Savory, 1983). As a result, arsenic can spread great distances from its source once it 
is in solution, reaching urban and wilderness areas alike. The most common method 
of arsenic toxicity in humans occurs when arsenic reaches the groundwater in cities, 
often a result of contamination far upstream. A classic example of this is the 
contamination of well water in the vicinity of Milltown Dam, Montana (Udaloy, 
1985).
The message is clear; once arsenic is mobile, it is very difficult to control. As 
such, it is extremely important to at least contain it on-site to prevent this harmful 
spread. Phytoremediation of these sites using grasses such as basin wildrye presents 
a simple, cost-effective and ecologically sound means of accomplishing this.
Basin Wildrye
Basin wildrye, or Elymus cinereus (Poaceae) is a graminoid occurring 
throughout the west. It occurs specifically in Arizona, Oregon, Minnesota, 
California, Montana, Utah, Colorado, Nevada, Washington, Idaho, New Mexico, and 
Wyoming. It commonly occurs throughout the Great Basin, hence its complete 
common name of Great Basin wildrye. Its scientific name was derived from the
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greek eïumos, an ancient name for a type of grain. The wildrye genus belongs to the 
barley tribe of grasses (Triticeae), which includes the wheat grasses and the grains 
wheat, barley, and rye. Basin wildrye is a highly cross-pollinated species with 
extensive genetic variation (Chapman, 1969). Its latin name was recently changed 
from Elymus cinereus to Leymus cinereus (A. Love)(U.S. Dept, of Agriculture, 
1998), but for the sake of continuity with the literature contributing to this review, I 
will continue to refer to it as Leymus cinereus.
Basin wildrye supported large numbers of cattle and was considered to be a 
valuable forage source in the Intermountain west in the earlier part of this century. 
Unfortunately, many of these stands were eventually depleted by excessive, yearlong 
grazing and cutting for hay, and were replaced by plants such as greasewood 
(Sarcobatus vermiculatus) and rabbit brush (Chrysothamnus nauseosus) (Lesperance 
et al, 1978). In the regions where it continues to grow, however, it is thriving, 
establishing itself in a wide variety of communities. It can be found in communities 
such as fir and pine, mountain mahogany and oak, wheatgrass and bluestem, as well 
as disturbed areas. It grows best on moderate slopes with an optimal 20-inch base of 
loam or sandy loam soil, but has been found growing on river banks and in ravines, 
and on moist or dry slopes (Perry and Chapman, 1975). Growth is also not 
hampered in alkaline/saline soil conditions (Roundy, 1985a).
Basin wildrye cover as value for habitat has been determined to be fair for elk 
and deer, and good for antelope, birds and small mammals. As a food source, it 
ranges from fair for elk, birds and small mammals to poor for deer and antelope. 
Ratings as a food source for livestock range from fair to good. While young shoots
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are preferred, with mature plants becoming somewhat coarse and unpalatable (Perry 
and Chapman, 1975), recent experimentation with basin wildrye grown in different 
parts of Montana have shown that even mature plants provide effective winter 
grazing, when cattle and wildlife are less particular about forage (personal 
communication, Mark Majerus, U.S. Dept, of Agriculture). Energy value is good 
and protein content has been found to remain relatively high, even in winter.
While poor seed production and low germination rates limited the usefulness of 
this species for range revegetation in the past, developments of cultivars such as the 
‘Magnar’ cultivar have overcome these difficulties and increased its use in these 
endeavors (Evans & Young, 1983). Basin wildrye has been shown to provide an 
effective means of erosion control, and has been successAil in long term revegetation 
projects (Plant Information Network, 1980). The only requirement for successful 
germination is the presence of adequate moisture (Roundy, 1985a). Successful 
seeding establishment has been shown to be dependent on frequency and amount of 
vdnter and spring precipitation, in addition to the ability of the seeded species to 
germinate and grow as soil matric and osmotic potentials decrease (Roundy, 1985a).
It has also been found that high and frequent precipitation in May, when evaporative 
demands are low, is more effective than precipitation in June for emergence and 
establishment (Roundy, 1984). These moisture requirements suggest that successful 
establishment of natural basin wildrye seeedlings may occur only during years of 
unusually high precipitation (Noy-Meir, 1973).
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Specific nutrient requirements are not currently available for basin wildrye, 
although a phosphorus availability of 4 ppm in the soil is considered to be low for a 
variety of cultivated grasses (Montana State University Coop. Extension, 1994).
Basin wildrye has been found to be tolerant of moderate levels of boron 
(Roundy, 19856 ) and copper (Pengelly, 1974). Experiments performed on 
germination and growth rates of Magnar basin wildrye in elevated boron conditions 
show that a 50% reduction in root and shoot yield does not occur until soil saturation 
extract concentrations reach 22 and 37 ppm boron, respectively. Germination rates 
are unaffected by boron concentrations up to 200 ppm. (Roundy, 1985ü.).
Experiments related to copper show similar results (Pengelly, 1974). Little 
information is available, however, regarding basin wildrye’s tolerance of arsenic. In 
particular, there is little known about the mechanism through which it accomplishes 
this tolerance. Several of the following methods used by other plants to counteract 
harsh conditions present possible mechanisms that may be enlisted by basin wildrye 
to survive high arsenic soils.
Tolerance Mechanisms o f Other Plants
One of the principle causes of the toxicity of a wide range of metals and 
oxyanions in plants is the interruption of cell cytoplasmic function via disruption of 
enzyme activity. This disruption can involve a number of modes of action, including 
binding of metal to protein sulphydryl groups involved in catalytic function or the 
structural identity of the protein (Van Assche and Clijsters, 1990). Metals also have 
toxic effects by substituting for essential co-factors and causing essential-ion
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deficiency. Disruption of cell transport processes and oxidative damage by free 
radicals generated by metal redox cycling can also occur (Alscher, 1989).
The cause of toxicity in plants due to arsenic results from the disruption of 
ATP formation. Arsenate (the main plant-available form of arsenic) is a phosphate 
analogue and is taken up by via the phosphate transport system (Meharg and 
Macnair, 1992). Competition between arsenate and phosphate for binding by ADP 
results in the formation of an arsenate-ATP analogue. This deprives the plant cell of 
its energy source, eventually leading to cell death (Ullrich-Eberius, et ai, 1989), 
While this can be prevented in the short run by conversion of arsenate to arsenite, 
followed by limited metabolism within the plant or méthylation in the leaves (Nissen 
and Benson, 1982), mortality is inevitable in the long run for non-tolerant plants 
(Ullrich-Eberius, er a/., 1989).
One means of survival employed by tolerant plants is the use of a suppressed 
phosphate uptake system. Since arsenate is a phosphate analogue, this suppression 
reduces the influx of arsenate to the cells, preventing the cytoplasm from being 
overwhelmed and allowing detoxification to occur before cell energy levels are 
depleted beyond repair (Meharg and Macnair, 1992).
Specifically, the phosphate uptake system in plants is thought to occur through 
two additive functions, potentially representing two different carrier sites (Epstein, 
1976). These two functions are defined as the high affinity uptake system and the 
low affinity uptake system. The high affinity uptake system is thought to be 
dominant at concentrations below 0.1 mol m^ phosphate, with the low affinity 
uptake system taking over at higher concentrations.
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While this definitive split in function of the phosphate uptake system is not 
recognized in all the literature (Epstein, 1976), what is clear is that at low phosphate 
levels, the phosphate uptake system in non-suppressed plants is triggered, resulting 
in increased phosphate uptake. This is thought to be accomplished through the 
increased production of phosphate transporters (potentially of the high affinity 
variety) by the plant (Clarkson and Luttge, 1991). Unfortunately, this can lead to 
increased arsenic uptake versus phosphorus uptake in a phosphorus-limited system 
in non-suppressed plants (Meharg and Macnair, 1992).
The advantage of the permanently suppressed phosphate uptake system is that 
arsenic uptake never surpasses phosphorus uptake, regardless of arsenic and 
phosphorus availability (Meharg et al, 1994). This suppressed system can 
preferentially take up phosphorus versus arsenic on its uptake sites (regardless of 
phosphorus availability levels), and in this way slow the amount of arsenic taken into 
the plant so that the plant has enough time to detoxify (Meharg et al, 1994).
Research conducted with the grass Holcus lanatus illustrates this phenomenon 
(Meharg et al, 1994). Plants were grown on mine sites contaminated with 
increasing levels of arsenic (the lowest = 0.0001 mmol kg'* As, the highest = 0.1718 
mmol kg'* As). While arsenic and phosphorus availability levels varied, with ratios 
as high as 13:1 (As:P) (0.1718 mmol kg'* As: 0.013 mmol kg'* P), the resulting ratio 
of arsenic to phosphorus concentrations found in the shoots of plants growing on 
these sites never rose above 1:2 (Meharg et al, 1994). This preferential uptake of 
phosphorus over arsenic in soils with higher availability of arsenic (relative to 
phosphorus) demonstrates the benefits of the suppressed phosphate uptake system.
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This efficiency in phosphorus uptake alleviates the need for a high-affinity 
phosphorus uptake system, even at low phosphorus availability levels in the soil. 
Without the high affinity uptake system in action, arsenic continues to be taken up at 
the slower, low affinity uptake system, rate.
Non-suppressed plants, on the other hand, require adequate phosphorus 
availability to counteract increasing arsenic concentrations, achieving ‘preferential’ 
uptake of phosphorus only through sheer volume (Meharg and Macnair, 1992; 
Woolson et al., 1973; Wallace et a i, 1980). Another experiment performed by 
Meharg and Macnair demonstrates this phenomenon with non-tolerant, non- 
suppressed genotypes of H. lanatus. In the presence of adequate phosphate (5.0 mol 
m'^), arsenic uptake in the plants was the same for both arsenic tolerant (suppressed 
phosphate uptake system) and non-tolerant genotypes. In its absence, however, 
arsenic uptake increased dramatically in the non-tolerant genotype, while increasing 
only slightly in the tolerant genotype. Phosphate uptake in the presence of adequate 
phosphate concentrations (5.0 mol m'  ̂phosphate) was also significantly higher in 
the non-tolerant genotype than the tolerant genotype. In its absence, however, 
phosphorous uptake was the same in both the tolérants and non-tolerants, [Arsenate 
application ranged from 0.025 - 0.125 mol m'  ̂arsenate.] (Meharg and Macnair, 
1992).
As shown here, non-tolerant, non-suppressed plants require adequate 
phosphorus availability to keep arsenic uptake to a minimum. In the presence of 
increasing levels of phosphorus, non-tolerant uptake of phosphorus will increase 
dramatically, while uptake by tolérants will increase at a slower rate. Arsenic
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concentrations found in non-tolerants also increase dramatically with decreasing 
phosphorus availability, whereas arsenic accumulation in the tolérants increases at a 
much slower rate. Tolerant, suppressed plants will accumulate more phosphorus 
than arsenic in their tissues, regardless of arsenic and phosphorus availability levels, 
whereas relative concentrations of arsenic and phosphorus found in non-suppressed 
plants are dependent on availability (Meharg and Macnair, 1992).
These experiments provide a basic framework from which to base our research. 
Patterns in phosphorus and arsenic uptake in basin wildrye will likely reflect one of 
the above scenarios, either confirming or rejecting the hypothesis of a suppressed 
phosphate uptake system at work.
The only possible drawback of permanent suppression of phosphate uptake is 
the reduction in the rate of phosphate taken into the plant. Adequate phosphate 
uptake is essential to plants, as it is used to create sugar phosphates needed for 
photosynthesis, respiration, and other metabolic processes. Synthesis of nucleotides 
(i.e. RNA and DNA), membrane phospholipids, AMP, and pyrophosphate are also 
dependent on the presence of phosphorus (Salisbury and Ross, 1992).
It has been suggested that permanent suppression of the uptake system may be 
an adaptation to phosphate-deficient soils such as mine spoils. At low nutrient 
availability, a low root absorption capacity could be adequate to absorb those 
nutrients that reach the root. Thus beyond a certain point, there would be no 
advantage to a plant in having a more efficient phosphate accumulation mechanism.
On the other hand, one of the primary contributions of mycorrhizal 
associations with plants is that of increased phosphorus uptake (Beever and Bums,
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1980). It is possible that mycorrhizal associations are crucial to enhance phosphorus 
uptake under these conditions. These associations will be discussed in more detail in 
the following section.
Aside from the suppressed phosphate uptake system, however, there are other 
possibile avenues of tolerance that basin wildrye may enlist. Phytochelatins and 
metallothioneins are considered to have an important role in metal ion homeostasis 
and the regulation of ion concentrations within the cytoplasm (Rauser, 1990). They 
may also play a role in metal storage in the vacuole (Steffens, 1990). Phytochelatins 
are most effective at chelating copper and cadmium, and production of these 
phytochelatins is induced within minutes of exposure of both tolerant and non- 
tolerant plants to these two metals. Chelation involves the combining of an organic 
compound with a metallic ion to form a chelate; a heterocyclic compound having a 
central metallic ion attached by covalent bonds to two or more nonmetallic atoms in 
the same molecule. Tolerant plants, however, are the only ones to experience the 
following benefits.
The induced production of phytochelatins leads to reduced rates of metal 
accumulation in the tolerant plants. It has been shown that phytochelatin production 
is much greater in non-tolerant plants than tolerant plants (at the same toxin 
concentration), leading to a greater decrease in the levels of the phytochelatin 
precursor glutathione in the non-tolerants. Glutathione is an antioxidant, and its 
depletion may result in Cu^  ̂oxidative stress (in the case of copper). The decreased 
influx of copper in tolérants obviously leads to decreased glutathione depletion and 
decreased oxidative damage, and therefore to copper tolerance (De Vos et ai, 1992).
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A wide variety of plant tolerance mechanisms have been shown to be used in 
response to excessive concentrations of aluminum. These include changes in plant 
rhizosphere pH, root exudation of aluminum chelators, selective inorganic nitrogen 
nutrition, calcium nutrition, selective binding of aluminum to the cell wall, 
compartmentalization of aluminum within the vacuole and differences in 
plasmalemma (cell membrane) function (Taylor, 1988).
While one of the tolerance mechanisms discussed above may provide us with 
the explanation of the arsenic tolerance mechanism of basin wildrye, a final option 
must be considered. An increasing amount of literature is pointing out the important 
role that mycorrhizal associations play in conferring metal ‘tolerance’ to plants 
(Shetty and Hettrick, 1994; Killham and Firestone, 1983; Bradley, 1982; Gregory and 
Bradshaw, 1965). That the arsenic-rich sites we have visited support basin wildrye 
colonized by mycorrhizae suggests that mycorrhizae may be a key factor in the 
plants’ arsenic tolerance.
Mycorrhizae
Mycorrhizal biology
Mycorrhizae represent a symbiotic association between specific soil fungi and 
plant roots. Fungal hyphae colonize roots by growing within root tissues 
(endomycorrhizae), and from there they grow out into the soil as ‘root extensions’. 
The mycorrhizal fungus obtains sugars from the host plant, and in return, absorbs 
nutrient ions from soil and releases them to root cells. The advantage of having 
mycorrhizae absorb ions is the increased absorption of ions that normally diffuse
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slowly toward the roots or are in high demand, especially phosphate, ammonium, 
potassium, and nitrate (Hayman, 1983). Mycorrhizal fungi may also protect plant 
roots from pathogens, enhance plant drought tolerance, and stimulate photosynthesis 
(Dosskey et al., 1990). There are two main types of mycorrhizae, the 
ectomycorrhizae and endomycorrhizae, and a rarer third group referred to as the 
ectendotrophic mycorrhizae.
It is estimated that 95% of the world's plant species belong to families that 
form mycorrhizal associations (Trappe, 1977). Although most of these plant species 
can be grown alone in fertilized culture, normal growth and often survival in the 
wild is impossible without mycorrhizal fungi. Therefore an understanding of how 
mycorrhizae influence metal and oxyanion uptake is imperative to a comprehensive 
investigation of the sensitivity of vegetation to contaminants such as arsenic.
Root/mycorrhizal absorption o f ions in soil solution
Non-mycorrhizal roots of plants absorb ions in the soil from both the root 
regions containing root hairs (near the root tip) and the older regions, which can be 
many centimeters from the root tip. Mycorrhizae, on the other hand, tend to 
concentrate their fungal hyphae near the root tips and perform much of their rapid 
absorption here (Salisbury and Ross, 1992). Root tips are frequently exposed to 
higher concentrations of ions than the rest of the root, and the mycorrhizae capitalize 
on this to obtain important minerals. In non-mycorrhizal plants, ions are absorbed 
from the soil solution, enter the root through the epidermis and move either 
apoplastically (between cell walls, outside of the cells), or are confronted with the
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exodermis (hypodermis impregnated with a Casparian strip), which acts as a filter. 
This exodermis develops up to 12 cm above the root tip, and so is not an issue at 
close range to the tip. When it is present, however, it serves as an important control 
point, forcing external solutes to be absorbed by the selective plasma membrane of 
exodermal cells (Paulitz and Linderman, 1989).
The solutes then travel symplastically (between cells, within cell walls) toward 
the xylem, which will then transport them throughout the plant. The symplastic 
travelers move through several cortical cells before converging with the apoplastic 
flow at the root endodermis, where a second Casparian strip awaits. The solutes are 
again 'filtered' here, forced to enter the endodermal cells across their plasma 
membranes. This is the final point at which the plant root can control entry of ions 
into the xylem. Once through the endodermal cells, ions have a short symplastic 
flow through the pericyle of the root to reach the xylem (Gianinazzi-Pearson and 
Gianinazzi, 1983).
Mycorrhizal roots follow a similar path, though the initial ion uptake differs. 
Ions are taken up by the mycorrhizae and are moved through the fungal cytoplasm 
toward the root via a symplastic pathway. In the ectomycorrhizae, it is believed that 
the ions are then released into the apoplastic space of the root, because there are no 
cytoplasmic cormections between the ectomycorrhizae and the root cells. The ions 
must then be absorbed by the root cells and transported symplastically via the same 
route as above. [Sugar exchange from the plant to the mycorrhizae occurs the same 
way, only reversed.] This method of exchange prevents other soil microorganisms
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from interfering with valuable ion and sugar exchange (Gianinazzi-Pearson and 
Gianinazzi, 1983).
So via this route, desirable minerals and other solutes make their way from the 
soil solution to the efficient mycorrhizal extensions, into the root, through the maze 
of root cells to the xylem, and finally spread to the farthest reaches of the plant. This 
is a very beneficial arrangement, especially in soils of low nutrient availability 
(Killham and Firestone, 1983). When ions taken up from the soil solution are not so 
beneficial, mycorrhizae can then reverse functions. They can switch from suppliers 
to protectors, filtering out toxic metals and providing safety for plants that would 
otherwise die from such exposure (Killham and Firestone, 1983). The following 
provides a closer look at some of the specific advantages of mycorrhizal 
colonization.
Mechanisms o f metal and oxyanion tolerance
Mycorrhizae have been shown to be successful in imparting metal tolerance 
from grasses such as Festuca rubra and Calamagrostis epigejos to trees such as 
Salix andPopulus spp (Raven et al., 1992). Species such as Calluna vulgaris and 
Vaccinium macrocarpon in particular have demonstrated a high tolerance for 
elevated levels of metals in mine spoils, and it appears that mycorrhizal infection is 
the key (Bradley, 1982). For example, when Calluna and Vaccinium were grown 
with and without mycorrhizae in elevated levels of copper and zinc (copper < 75 mg 
r*, zinc < 150 mg 1'*), the non-mycorrhizal plants showed severely inhibited growth 
in all but the lowest concentrations of zinc (25 mg 1*’). The mycorrhizal plants.
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however, demonstrated considerable resistance to the metals, with growth occurring 
in all treatments. With increasing metal concentration, root growth slowed, while 
shoot growth continued. Concentrations of copper and zinc in the non-mycorrhizal 
plants were higher in the shoots than in the roots. Mycorrhizal plants, on the other 
hand, showed much lower levels of metals in the shoots, with high concentrations in 
the roots. With increasing external metal concentrations, the concentrations in the 
shoots of the non-mycorrhizal plants also increased exponentially, while the shoots 
of the mycorrhizal plants showed little increase with increased dosage. The 
concentration of metals in the roots of the mycorrhizal plants suggests that the 
metals were being complexed in the roots. The mycorrhizae themselves grew 
without major inhibition up to 50 mg 1  ̂copper, and zinc levels of up to 500 
mg r*(Bradley, 1982).
These mycorrhizal plants compare favorably to 'tolerant' grass species such as 
Agrostis that grows without mycorrhizae and is often used for revegetation, due to its 
ability to survive on high metal concentrations such as copper and zinc. A^ostis, 
however, shows severely restricted root extension at levels above 10 mg 1’̂  copper 
and 20 mg 1'* zinc (Gregory and Bradshaw, 1965).
This restricted root extension of Agrostis at higher metal levels emphasizes the 
advantage that mycorrhizal plant species enjoy. The mechanism by which Agrostis 
tolerates metals is via sequestration of the metal in the roots, with the main site of 
complexing being the cell wall (Gregory and Bradshaw, 1965). Cell walls are the 
major sites of complexing of metallic elements in higher plants (Erast, 1972). Since 
complexing sites rapidly become saturated, the effectiveness of this exclusion
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mechanism is dependent on the total area of wall surface available for such 
activities. Absorptive area can be increased either by internal proliferation of wall 
material, by root extension, or a combination of both (Read and Stribley, 1975). 
Non-mycorrhizal plants are primarily dependent on root extension for this increase, 
but high metal levels — such as in the case o îAgrostis — tend to inhibit root 
development and so handicap these plants (Gregory and Bradshaw, 1965).
Mycorrhizal plants, on the other hand, experience internal proliferation of 
hyphal complexes in the swollen cortical cells of the absorptive areas of the roots, 
and this increases the cell wall surface area available for metal complexing by 
several orders of magnitude (Read and Stribley, 1975). The actual metal adsorption 
mechanism has been shown to resemble that demonstrated in lichens (Nieboer et al., 
1976).
While the specific location of the metal binding sites remains unclear in the 
lichens, it has been suggested that such binding sites are likely to be abundant in the 
interfactal matrix between the intracellular endophytic hyphae and the host 
plasmalemma which surrounds the hyphal complexes. In this way, mycorrhizae 
provide a much increased surface area on which to adsorb and immobilize toxic 
metals. It appears that adsorption is not dependent on an energy uptake system, so 
nutrient assimilation activities are not compromised (Nieboer et a l, 1976).
Another example of mycorrhizal-imparted tolerance is that of Betula 
papyri/era, the paper birch, which is one of the most abundant tree species growing 
in the heavily polluted soils close to several copper and nickel smelters in Ontario, 
Canada (Jones and Hutchinson, 1986). Scleroderma flavidum (mycorrhizal fungi),
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along with Laccaria proxima, Lactarius hibbardae, and Lactarius rufits are 
commonly found in these soils. Birch root growth was stimulated under elevated 
nickel conditions with the Scleroderma association, and shoot growth remains 
healthy. Nickel content of birch roots infected by these mycorrhizae were found to 
be twice that of uncolonized trees, while shoot concentrations in the mycorrhizal 
' trees are half that of their uncolonized counterparts. This implies that the fungi 
decrease the transport of nickel from the roots to the shoots. This is accomplished 
by increasing the surface area of the root systems by mycorrhizal infection.
Increased adsorption of nickel in the roots decreases the amount of nickel that 
infiltrates the vascular system of the plant (Jones and Hutchinson, 1986).
Drawbacks o f mycorrhizae
Unfortunately, not all mycorrhizae are capable of switching over to a 'filtering' 
role. They continue to efficiently pump not only the desired minerals into their host, 
but also the deadly metals accumulating in the soil solution (Killham and Firestone, 
1983). This becomes problematic for many plants, as they are not capable of metal 
detoxification at this rate. A study of the perennial bunchgrass Ehrharta calycina 
demonstrated this phenomenon (Killham and Firestone, 1983). Ehrharta was grown 
with and without mycorrhizal infection with Glomus fasciculatum in acidic, metal­
laden soils. Mycorrhizal enhancement of plant metal uptake increased with greater 
acidity and higher heavy metal content. In the end, the mycorrhizal plants showed 
reduced growth compared to the non-mycorrhizal plants (Killham and Firestone, 
1983).
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Another problem is that some mycorrhizae are as sensitive as the plants to 
elevated metal levels, if not more so, and can result in mortality (Somers, 1961; 
Mcreight and Schroeder, 1982).
The specificity of the mycorrhizae can be problematic. The region in which a 
restoration effort is made may not support the specific mycorrhizae deemed useful 
for the contaminant, or the specific strain of plant with which it is associated. Soil 
fertility, organic matter, climate, pH and plant type all affect establishment, growth 
and function of the mycorrhizae. Too basic or acidic conditions will discourage 
mycorrhizal infection, as will fertile soils (Lambert and Cole, 1980). Specifically, 
the presence of ample phosphorus can inhibit mycorrhizal infection (Hetrick et a l, 
1990). This is being taken into consideration in our experiment, and it is expected 
that the plants exposed to high phosphorus treatments may not exhibit successful 
mycorrhizal colonization.
The consensus is that there is an extreme amount of variability in the effect of 
different types of mycorrhizas on host metal tolerance. Different species of 
mycorrhizae tolerant of the same metal can create very different tolerance levels in 
their hosts. Even separate strains of the same mycorrhizal species can provide 
drastically different tolerance levels (Gildon and Tinker, 1981). For example, one 
strain of Glomus mosseae was obtained from an unpolluted site at Rothamsted in 
England, while another strain of the same species was obtained from a site heavily 
polluted with zinc and cadmium in the Shipham area. In earlier studies, this species 
was quite sensitive to zinc and cadmium in the soil. The two strains were grown in a 
pot experiment with clover as the host. The Rothamsted strain showed significantly
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
24
lower infection with even small doses of cadmium and zinc, while the Shipham 
strain showed little change in growth even at levels of 1000 pg zinc g’V The 
Rothamsted strain was almost eliminated at this level. Levels up to 100 pg cadmium 
g * also showed only a slight difference in growth of the Shipham strain (Gildon and 
Tinker, 1981).
In contrast, a study was undertaken with a Glomus species where mycorrhizal 
fungi adapted to contaminated soil did not increase the productivity of plant growth 
in contaminated soil any more than did fungi adapted to uncontaminated soil (Shetty 
etal,  1994). It may be very important to the success of revegetation that the 
inoculated mycorrhizal species is cultured from the same site or a site similar to the 
one being restored. Without the specific adapted strain, mycorrhizal inoculation may 
be useless (Gildon and Tinker, 1981).
This great range of variability in mycorrhizal behavior and effects on their host 
plants emphasizes the difficulties in experimental research using mycorrhizae.
While restoration work will certainly benefit from the discovery and culturing of 
tolerant mycorrhizal species, it is a difficult process. As such, this experiment was 
designed with less of a focus on the intricacies of the mycorrhizal species used, and 
more of a focus on the general effect of mycorrhizal inoculation. It is important to 
recognize that ‘blanket conclusions’ made based on the mycorrhizal treatments used 
in this particular experiment only hold true for the specific mycorrhizal species used.
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Experimental Design & Baekground
Experimental design
A controlled environment greenhouse experiment was conducted to 
successfully address the objectives. Coordinating with Bitterroot Restoration, Inc. 
(Corvallis, MT) greenhouse space was made available for the experiment. A 
factorial experiment was developed to allow investigation of each variable 
separately, and provide a valid means of studying the interactions between each 
variable. Each treatment within the experiment was structured so as to test a unique 
combination of each of the following factors, creating a 4 x 2 x 2 factorial 
experiment;
1) Available arsenic applied as K2ASO4 at four levels; 0 ppm, 3 ppm, 15 ppm, 
or 50 ppm
2) Available phosphorus applied as KH2PO4 two levels; low (3 ppm) or high 
(15 ppm)
3) With or without mycorrhizal inoculation 
This resulted in the following 16 different treatments:
NMOp NMOP NM3p NM3P NM15p NM15P NM50p NM50P
MOp MOP . M3p M3P M15p M15P M50p M50P
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where:
Code Explanation
NM Non-mycorrhizal treatment
M Mycorrhizal treatment
0 0 ppm applied available arsenic
3 3 ppm applied available arsenic
15 15 ppm applied available arsenic
50 50 ppm applied available arsenic
P Low phosphorus treatment (3 ppm)
P High phosphorus treatment (15 ppm)
Each treatment had nine replicates, resulting in a total of 144 samples. A 
randomized block design was used to minimize effects due to variability within the 
greenhouse (light & temperature gradients). The pots were arranged in nine separate 
blocks, with one replicate of each of the 16 treatments in each block. A random 
number generator was used to randomly place a single replicate of each of the 
sixteen treatments within each of the nine blocks.
Project background
The growth medium for the plants was sand, to prevent interference by a more 
complex soil matrix. Mycorrhizal inoculation was accomplished through two 
different methods; (1) placing mycorrhizal roots from another plant in with the target 
plants, and (2) placing soil filled with mycorrhizal spores in with the target plants. 
Both the mycorrhizal roots and spore-filled soil were collected from the same site as 
earlier collections had occurred.
To reduce the variability between the mycorrhizal and non-mycorrhizal 
treatments, ‘inoculation’ soil was applied to both treatments. The soil destined for
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the non-mycorrhizal treatments was autoclaved to ensure that these plants would not 
be exposed to any viable spores.
Using sand as the growth medium required not only phosphorus application, 
but also the addition of other nutrients vital to plant growth and survival. This was 
achieved using a liquid fertilizer, specifically V* strength Hoagland’s solution 
(Appendix B). In order to obtain an accurate picture of the interactions between 
phosphorus and arsenic, the arsenic was mixed in with the fertilizer.
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Materials and Methods
Preparation fo r  JMant Growth
Mycorrhizal inoculum was collected from basin wildrye growing in an arsenic­
laden sandy loam (74% sand, 14% silt, and 12% clay) in Nevada. The pH was 8.3, 
with an available arsenic concentration of 1.26 ppm (total arsenic concentration =
879 ppm), and an available phosphorus concentration of 23 ppm (Appendix D).
This site, referred to as the Havingdon site, was located in a “wash” region, where 
precipitation run-off appeared to flow through. The Havingdon site consisted of 
native soils overlain with a historical tailings deposition. Inoculum collection from 
this site provided arsenic-tolerant mycorrhizae, adapted to growing in sandy, 
potentially nutrient-deficient soils. [The initial plan for the experiment had been to 
use inoculum bulked up by another group operating within the project. This 
inoculum was not ready at the time the experiment began, hence our own field 
collection.]
Sixteen healthy basin wildrye plants from the site were dug up and transferred 
to pots (June 10), along with bulk soil from directly around the roots. The plants 
were extracted carefully to keep as many fine roots attached and intact as possible.
Root and shoot samples were taken from other basin wildrye plants in the 
immediate vicinity. Soil samples were also taken at the site. Several different soil 
samples were taken from within the immediate area, then bulked together and mixed 
thoroughly. These samples were immediately placed in coolers with ice packs and 
sent to Sierra Environmental Monitoring, Inc. for analysis (Table 17), These 
samples were taken to obtain background information on arsenic uptake in basin
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wildrye plants growing in the wild, and the soil in which they were growing (as well 
as to record inoculum collection conditions).
The plants were transported back to Montana, and refrigerated at 38®F 
overnight (June 12). [The plants were brought back alive because we had been 
initially advised that the mycorrhizae may not survive longer than 1-2 weeks once 
cut off from their hosts. On arriving home, however, we learned that mycorrhizae 
could survive up to a month (and possibly longer) separate from their host, with 
adequate refrigeration.] The plants were then pulled from their pots, and the roots 
cut off (June 13). The roots were placed in plastic Ziploc bags and refrigerated at 
38®F. The “mycorrhizal” soil from the pots (including many fine roots mixed in) 
was similarly bagged and refrigerated.
Two days before planting, 2000 grams of damp “mycorrhizal” soil was 
autoclaved for one hour at 220°C. Twenty-four hours later, this was repeated. The 
“mycorrhizal” soil intended for the mycorrhizal treatments remained refrigerated 
until the morning of use. The “mycorrhizal” roots were cut into approximately 1 
inch long fragments at this time.
The fertilizer was prepared using V* strength Hoagland’s Solution (Appendix 
B), modifying the phosphorous levels for the ‘low’ and ‘high’ treatments. To 
determine the amount of fertilizer needed per pot, a test of the saturation point of a 
pot of sand was performed. The saturation point was determined to be 
approximately 750 mis. Knowing the saturation point also minimized the amount of 
fertilizer/arsenic waste, and determined ‘flushing’ requirements before fertilization 
each week. Once prepared, arsenic stock solution of 5,000 ppm (ug/g) was added to
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the fertilizer to create 3, 15, and 50 ppm (ug/g) arsenic. The stock was prepared 
using reagent grade potassium arsenate (KH2ASO4 x 2H2O).
Basin wildrye seed from Nevada was unavailable, so the seed was obtained 
from the USDA Plant Materials Center in Bridger, MT. Specifically, the seed was 
Leymus cinereus, variety Trailhead. The sand used was 20/30 grit silica sand, 
sterilized at 160® C for 2 hours, then allowed to cool down overnight. Pots with 5.67 
L capacity (IV2 gallons) and dimensions 7Vi” x 8Vi” x 5Vi" (1.6 cu ft) were used for 
planting.
Planting
Several thin layers of glass wool were placed in the bottom of each pot, to 
inhibit sand loss. The pots were then filled 4/5 full with sand. All pots were treated 
with 750 mis of appropriate fertilizer and/or arsenic. Twenty grams of 
“mycorrhizal” soil was sprinkled on top of the sand in the mycorrhizal treatments. ‘ 
Twenty grams of autoclaved soil was sprinkled on top of the sand in the non- 
mycorrhizal treatments. Two grams of “mycorrhizal" root fragments were also 
added to the mycorrhizal treatments. Approximately eight seeds were placed in each 
pot. The seeds were covered with 1 inch of sand (June 26 & 27),
Two days after planting, the fertilizing strategy was re-evaluated. No 
additional arsenic would be applied until the seeds had sprouted and were considered 
viable. This would ensure the initial survival of both the inoculum and the seeds.
Q uantity  a n d  Q uality  o f  m ycorrhizal presence in th e  roots and  soil used  for inoculum  w as unavailable due to the failure o f  a  
concurrent s tudy  designed  to  identify  these  characteristics and  bulk th is  m aterial. Consequently, p lants inoculated w ith  roots 
and soil though t to be  m ycorrhizal w ere u tilized  in th e  study, although  m ycorrhizal presence w as not initially confirm ed.
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There was no way of knowing the tolerance level of either the seeds or the 
mycorrhizae, and initially killing the mycorrhizae would be fatal to the experiment 
(there was no inoculum in reserve). The seeds also needed time to establish and 
become inoculated. [While Roundy ei al., 19856, found that basin wildrye 
germination rates were unaffected by boron concentrations of up to 200 ppm, there 
was no way to confirm that there would be a similar response with arsenic. A 
different variety of basin wildrye was also being used here.] Since fertilizer 
application would not affect germination, the pots were flushed with 1500 mis of 
water (June 30), and no further fertilization/arsenic treatment occurred until the 
establishment of viable seedlings.
It is important to note that while the sand was initially fertilized, it was only the 
sand below the seeds, roots and mycorrhizal soil that was fertilized. No 
fertilizer/arsenic was poured over the top. With complete flushing occurring three 
days after planting, it is felt that the seeds, soil and roots had minimal exposure to 
any arsenic.
Once germination was complete (first seedlings observed on July 7), each pot 
was thinned to four plants and fertilizer/arsenic application was initiated. Several 
seedlings were transferred within treatments to ensure four plants in each pot.
Arsenic application began exactly one month after the first signs of germination 
(Aug 7). The fertilizer/arsenic was applied once a week on the same day, 750 mis to 
each pot. Before fertilization, each pot was flushed with 1500 mis of water. The 
plants were watered twice a week, and fertilized once a week.
The temperature in the greenhouse was 75° F during the day, and 65°F at night.
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Halogen lights installed above the plants to minimize effects due to changing day 
length over the growing period were set to 16-hour days (6 a.m. -  10 p.m.). The 
lights emitted 400 pAngstroms (Vi strength full sunlight). A plastic shield was 
constructed around the pots to protect them from the weekly non-target application 
of fertilizer on the other tables in the greenhouse. Drip trays were placed underneath 
the plants to capture excess fertilizer and arsenic. The drip trays drained into waste 
buckets that were stored for disposal by the University of Montana.
Biomass measurements were taken once a week, as plant height and total 
number of leaves for each plant in each pot. The plants were grown for a period of 
twelve weeks after the first addition of arsenic.
Harvesting
The plants were harvested on November 8 and 9, 1997. They were not 
fertilized that week, and were watered minimally to allow the sand to dry out for 
successful plant removal.
Each treatment was processed separately to minimize any cross-contamination. 
Each pot in the treatment was removed, and the glass wool carefully pulled away 
from the sand and roots. Many of the roots had grown through the glass wool, 
making this a difficult process. Some root mass was lost in this procedure, and as a 
result, root biomass could not accurately be determined (incomplete sand removal 
from the roots also contributed to inflated root biomass weights). The plants were 
rinsed in water, separated into roots and shoots, and placed in paper bags. The sand 
was also saved, in order to confirm that the weekly flushing had been successful, and
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that there was not excessive buildup of phosphorus and arsenic. The roots and shoots 
were kept refrigerated until final processing.
The final processing involved re-washing the roots and shoots in two 
consecutive baths of distilled water at room temperature. Once washed, roots and 
shoots were placed into new paper bags and dried in the oven at 60 until dry (2-3 
days). The roots and shoots were then weighed. A small amount of sand was 
trapped in the root mass of some of the plants, creating difficulties in obtaining 
accurate weights. As such, it was determined that root biomass data would be 
ignored, and the roots were re-washed to ensure complete sand removal for further 
chemical analysis. The roots were then processed for mycorrhizal investigation.
The sand samples taken from each pot were air dried.
Mycorrhizal Investigation
Both the mycorrhizal and non-mycorrhizal samples were examined for 
colonization by mycorrhizae. Each root mass was re-wet in distilled, double­
deionized water (Nanopure), and soaked approximately ten minutes. While in the 
water, the roots were spread apart and fine root fragments were cut off the root mass. 
Only root fragments still attached to the bulk root mass were used. Fine roots were 
cut with a minimum of 0.5 cm of larger root left attached, so as to anchor the small, 
fine roots in the clippy boxes for dyeing. [A clippy box is a small plastic 'cage' used 
to contain the root fragments while dyeing.] Enough roots were collected to fill half 
of each box (approximately 20 mg). One clippy box was used per sample, and 
fragments for each were taken from a variety of sites on each root mass in order to
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ensure a comprehensive investigation. Once each sample was processed, the 
remaining root mass was dried again in the oven at 60 ° C. The clippy boxes were 
left out to air dry until dyeing.
The dyeing process occurred in three steps (Phillips and Hayman, 1980). The 
first step was to soak the roots in 2.5% KOH for 48 hours at room temperature.
Roots were rinsed 3-5 times in Nanopure, then soaked in 1% HCl for 12 hours. 
Without rinsing, the roots were then transferred to Trypan Blue stain to soak for 12 
hours. After dyeing, the roots were soaked in Nanopure at room temperature to 
remove the extra dye. The water was changed several times over a 48-hour period.
The roots were removed fi'om the clippy boxes and placed in petri dishes with 
enough Nanopure to cover. The petri dishes were stored in the refrigerator at 4°C 
until slides were made.
Slides were made using 1 cm lengths of roots, cut fi'om a variety of root 
fi-agments in a single petri dish. Twelve lengths were placed on each slide, in two 
rows of six. Two slides were made of each mycorrhizal sample, and one slide of 
each non-mycorrhizal sample.
To confirm presence or absence of mycorrhizae, the slides were viewed under 
a microscope with a 40X lens. Each slide was thoroughly scanned for signs of 
hyphae, vesicles, or arbuscules. Slides were ranked as “yes” or “no” for signs of 
mycorrhizae, with a “yes” indicating both hyphae and/or vesicles or arbuscules were 
seen. A “no” indicated there were no signs of vesicles or arbuscules. It was 
important to confirm the presence of vesicles or arbuscules in addition to hyphal
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presence, as the sighting of hyphae only confirmed that the roots were colonized by 
fungi, not whether they were mycorrhizal fungi.
Laboratory Analysis
Once the initial clipping of root fi'agments for mycorrhizal analysis was 
complete, the roots and shoots were sent to the laboratory for analysis. Both the 
roots and shoots from each pot were analyzed separately for:
1) Total phosphorus concentration
2) Total arsenic concentration
Total phosphorus concentrations were determined using EPA 365.3 method. Total 
arsenic concentrations were determined using EPA 200.8 method. Potassium 
analysis was also performed on three replicates of several different treatments. This 
was done to investigate the potential effects on biomass of increasing potassium 
levels with increasing arsenic levels (since the arsenic was applied as potassium 
arsenate). Potassium analysis was performed using EPA 200.7 method (Appendix 
E). All laboratory analyses of phosphorus, arsenic, and potassium was performed by 
Sierra Environmental Monitoring, Inc. (Reno, NV).
The sand from each treatment was also analyzed for total phosphorus and 
arsenic concentrations to determine whether arsenic and phosphorus levels had built 
up in the pots. A sample of sand fi'om each replicate within each treatment was 
bulked together to form a composite sample from each treatment. Total phosphorus 
concentrations in the sand were determined using EPA 365,3 method. Total arsenic 
concentrations were determined using EPA 200.8 method (Appendix F). The pH for
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the fertilizer at each arsenic level and phosphorus level was also determined 
(Appendix C).
The roots and shoots previously collected at the Nevada site were analyzed for 
arsenic concentrations, also determined by EPA 200.8 and 365.3 methods (Table 
17). Full chemical and physical analyses were performed on the composite soil 
sample collected from this site (Appendix D).
Statistical Analysis
Univariate analysis of variance was performed on each dependent variable to 
determine which explanatory variables made a significant contribution. Four of the 
five dependent variables were transformed in order to obtain homogeneous variances 
for valid treatment comparison. A square root transformation was used on arsenic 
concentrations in the shoots, and logio transformations were used on arsenic 
concentrations in the roots, phosphorus concentrations in the shoots, and phosphorus 
concentrations in the roots. The dependent variable biomass was ‘normalized’ by 
dividing the total biomass in each pot by the number of plants in each pot. This also 
provided us with homogeneous variances, enabling us to obtain valid comparisons of 
each treatment. The total shoot biomass/per pot values are listed in Appendix G. 
Values outside of 2 standard deviations were not analyzed. Light was analyzed as a 
covariate. The factor ‘light’ was defined as the differences in light gradients 
available to the plants from overhead lighting. This would have only had a 
significant effect during the last month of plant growth, when natural light 
availability began to decrease significantly due to shortened day length.
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CHAPTER 3 # RESULTS AND DISCUSSION
Mycorrhizal Investigation
A thorough investigation of plant roots confirmed successful mycorrhizal 
infection of the plants in inoculated pots. Plants receiving mycorrhizal treatments, 
regardless of arsenic level, showed signs of mycorrhizal colonization. Colonization 
was demonstrated by the presence of vesicles and arbuscules in root tissue (Table 2). 
The non-mycorrhizal treatments also proved successful, as no vesicles or arbuscules 
were found in any of the plant roots.
Statistical analysis, however, determined that there was no significant 
difference between mycorrhizal and non-mycorrhizal treatments. Mycorrhizal 
inoculation had no effect on biomass production or arsenic and phosphorus uptake 
by the plants. This suggests that basin wildrye does not need mycorrhizae for arsenic 
tolerance. Considering the high arsenic tolerance level of this plant, this is not 
surprising. Arsenic concentrations of up to 1400 ppm were found in the roots of 
these experimental plants (Table 6), and they were still healthy and growing. These 
high levels were found in both mycorrhizal and non-mycorrhizal treatments. It 
appears that basin wildrye has its own mechanisms for surviving high arsenic 
conditions, separate from the mycorrhizae.
In light of this, there are two important aspects of this experiment to consider 
before drawing any final conclusions. First, while each mycorrhizal treatment had 
successfully inoculated plants, not every plant within each treatment proved to be 
colonized (as seen in Table 2).
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Table 2. Mycorrhizal colonization of basin wildrye grown in the greenhouse, deterrained by the 
Mycorrhizal Treatments Non-mycorrhizal Treatments
Reps. 1 2 3 4 5 6 7 8 9 . 1 2 3 4 5 6 7 8 9
Low
Phosphorus Trtmt
0 ppm arsenic + + + - + + - - + - - - - -
3 ppm arsenic + + + + +  - + - + • ..................................................
15 ppm arsenic + + + + +  + + + +  • -  - - - - -
50ppmarsemc + + + + +  + + + +  . -  - - - -
High
Phosphorus Trtmt
0 ppm arsenic - - . . . .
3 ppm arsenic + - -  + +  + + + +  * . . . -  - . . . .
15 ppm arsenic + + + + + •  + + + +  • - - - - .  . . . .
50 ppm arsenic - +  + + +  + + + +  * . . . . -  . . . .
Note: + or -  represent presence or absence of mycorrhizal colonization (vesicles/arbuscules), 
respectively.
Although the majority of treatments displayed high frequencies of colonization, 
treatments such as MOP (mycorrhizal, 0 ppm applied arsenic, high phosphorus) 
displayed lower frequencies. These variable colonization rates in the lower arsenic 
levels may have made it difficult to obtain a true comparison between mycorrhizal 
and non-mycorrhizal treatments at these levels. At the highest arsenic level, 
however, colonization frequencies were very high in the mycorrhizal treatments, and 
there were still no significant differences in biomass or phosphorus or arsenic 
concentrations between the mycorrhizal and non-mycorrhizal treatments.
It is also worth mentioning that fungal hyphae were present in both 
mycorrhizal and non-mycorrhizal treatments, although no vesicles or arbuscules 
were observed in the non-mycorrhizal treatments, and many vesicles (in particular) 
were observed in the mycorrhizal treatments. Hyphae are a product of a variety of
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fungi, both mycorrhizal and non-mycorrhizal. Fungal hyphae can increase the 
surface area of roots and may serve as storage compartments for metals (Read and 
Stribley, 1975; Jones and Hutchinson, 1986). Differentiating between mycorrhizal 
and non-mycorrhizal hyphae is difficult. Normally, hyphae of non-mycorrhizal 
fungi are thin and smooth, and have uniformly spaced septa along the hyphal 
strands. Mycorrhizal hyphae, on the other hand, are thick, and not smooth. While 
the observation of septate hyphae may indicate non-mycorrhizal fungi, it is known 
that older mycorrhizal hyphae can also have septa (Schenck, 1982). Clearly, it is 
difficult to make any conclusions based on hyphae, hence the determination of 
mycorrhizal colonization via the presence of vesicles and/or arbuscules.
It is also interesting to consider that the mycorrhizae were collected from a 
high arsenic site, and so assumed arsenic-tolerant. That there were lower 
colonization rates in the treatments with very little available arsenic begs frirther 
research. Perhaps the more stressed the plants are, the more colonization by 
mycorrhizae they require. It was also considered that pH might have had an effect 
on mycorrhizal colonization. Unfortunately, the pH requirements for optimum 
germination are not known for this particular species of mycorrhizae. Work 
performed by Green, et al (1976), however, showed that spore germination of 
Gigaspora corralloidae was best at a pH of 5.0, the same pH as the fertilizer/arsenic 
treatments applied to the pots (discussed later). It should be noted that optimum pH 
for spore germination can vary substantially depending on the species (Green, et al., 
1976). A much more thorough investigation of this species of mycorrhizae would 
be required before any real conclusions could be made in this area.
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The second factor to be considered is that this experiment was conducted in a 
greenhouse setting. While phosphorus and arsenic levels were manipulated, other 
nutrients important to plant growth and survival were supplied in adequate dosages 
to ensure plant health throughout the experiment. Phosphorus acquisition is one of 
the major advantages of mycorrhizal colonization, but mycorrhizae can also 
significantly increase the amount of other nutrients taken up by the plants (Aber and 
Melillo, 1991). In a field setting, where fertilizer is not supplied on a weekly basis, 
mycorrhizae may prove to play a more important role in basin wildrye survival.
While not contributing to arsenic tolerance directly, mycorrhizae may improve 
survival rates of basin wildrye growing in a tough, nutrient limited system such as a 
mining site (Dosskey et a l, 1990).
While the mycorrhizal treatment did not significantly affect the dependent 
variables (shoot biomass, shoot arsenic concentrations, root arsenic concentrations, 
phosphorus concentrations in the shoots, and phosphorus concentrations in the 
roots), the arsenic treatments and phosphorus treatments were found to be highly 
significant.
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Table 3. Analysis of variance sununaiy for biomass, arsenic concentrations and phosphorus
concentrations of >asin wildrye, after being grown for sixteen weeks in the greenhouse.
Explanatory
Variables
Dependent Variables
Biomass Arsenic 
Cone. Shoots
Arsenic Cone. 
Roots
Phosphorous 
Cone. Shoots
Phosphorous 
Cone. Roots
MYCO TRTMT ns ns ns ns ns
PHOS TRTMT 0.000 0.000 0.000 0.000 0.000
ARS TRTMT 0.000 0.000 0.000 0.000 0.000
ARS*PHOS
TRTMTS
0.000 0.000 0.000 0.000 0.000
ARS*MYCO
TRTMTS
ns ns ns ns ns
PHOS*MYCO
TRTMTS
ns ns ns ns ns
ARS*PHOS*
MYCO
TRTMTS
ns ns ns ns ns
BLOCKS ns ns ns ns ns
Covariate
LIGHT ns ns 0.000 ns 0.000
os = not significant at p = 0.05
Along with the phosphorus and arsenic treatments, the arsenic and phosphorus 
interaction term proved to be significant for all five dependent variables (Table 3). 
Light, analyzed as a covariate, proved to contribute significantly to several of the 
dependent variables. The blocking did not contribute significantly to any of the 
treatments, although it was significantly negatively correlated with light (Pearson 
Correlation Coefficient = -0.457, p  = 0.01). As the blocking was implemented in 
part to compensate for different light gradients, this was to be expected.
The following results and discussion are based on the above findings, along 
with the pairwise comparisons performed using Tukey’s HSD. It is organized into 
the following three sections; 1) Response to phosphorus application; 2) Response to 
arsenic application; 3) Response to interaction of phosphorus and arsenic 
application. Since the interaction term is significant and disorderly (except for 
phosphorus concentrations in the shoots and arsenic concentrations in the roots,
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where it is orderly) final conclusions will be based primarily on the interactions of 
the two. To Improve clarity in discussion, however, sections 1 and 2 will discuss 
general trends observed as a result of one or the other, with inevitable discussion of 
the role of interactions.
Unless otherwise noted, all ‘significantly different’ treatments are significant at 
the 0.01 alpha level. The phosphorus and arsenic concentrations discussed below 
refer to total concentrations found in the roots and shoots.
Response To Phosphorus Application
Phosphoms Concentrations in the Roots
Phosphorus concentrations in the roots generally increased with increased 
phosphorus application (Table 4). There was a significant increase in phosphorus
Table 4. The influence of phosphorus and arsenic treatments on phosphorus concentrations in the
1
Phosphorus Concentrations in the Roots (jH>m)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Low phosphorus 
treatments
High phosphorus 
treatments
Low phosphorus 
treatments
High phosphorus 
treatments
Arsenic Treatment
0 ppm arsenic 331 lo^ 946.7a* 305.6a* 922.2a*
3 ppm arsenic 532.56 ♦ 890.0a* 598.96* 923.8a*
15 ppm arsenic 843.8c 861.1a 1017c 912.2a
50 ppm arsenic 1398c 11286 1197c 12676
Note; Separate letters represent significant differences mthin each phosphorous treatment
♦Represent significant differences between low and high phosphorous treatments (p < 0.01)
concentrations in the roots from the low phosphorus application level to the high 
phosphorus application level in the 0 ppm arsenic treatments. There was also a
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significant increase in phosphorus concentrations at the high phosphorus application 
level in the 3 ppm arsenic treatments. At 15 and 50 ppm arsenic, phosphorus 
concentrations in the roots were not significantly different between the high and low 
phosphorus application levels (Figure 1, Appendix H).
The increase in phosphorus concentrations in the high phosphorus treatments 
was expected, based on the increased availability of phosphorus to the plants. The 
lack of significant differences between high and low phosphorus application levels at 
the higher arsenic treatments cannot readily be explained.
There was a small negative correlation (Pearson Correlation Coefficient =
- 0.216) between light availability and phosphorus concentrations in the roots, 
implying that phosphorus concentrations in the roots increased with decreasing light 
availability, and vice versa.
Phosphorus Concentrations in the Shoots
Phosphorus concentrations in the shoots also increased with increasing 
phosphorus application (Table 5). At each arsenic level, the phosphorus 
concentrations in the shoots were much higher in the high phosphorus treatments 
than they were in the low phosphorus treatments. The greatest increases in 
phosphorus concentrations were observed in the 0 ppm arsenic treatments, with the 
smallest increase in phosphorus concentrations between the two phosphorus 
application levels observed at the 50 ppm arsenic level (Figure 2, Appendix H). 
While the overall differences between high and low phosphorus treatments certainly 
reflect the higher levels of phosphorus available at the high phosphorus treatments.
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Table 5. The influence of phosphorus and arsenic treatments on phosphorus concentrations in the 
shoots of basin wildrye, grown for sixteen weeks in the greenhouse.
Phosphorus Concentrations in the Shoots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Low phosphorus High phosphorus Low phosphorus High phosphorus 
_________________ treatments_______ treatments________ treatments_______ treatments
Arsenic Treatment
0 ppm arsenic 498.9a* 2148a* 497.8a* 2179a*
3 ppm arsenic 395.0a* 18666* 452.2a* 18026*
15 ppm arsenic 437.8a* 1443c* 415.6a* 1409c*
50 ppm arsenic 577.56* 1230c* 676.56* 1158c*
Note; Separate letters represent significant differences within each phosphorous treatment
*Rq>resent significant differences between low and high phosphorous treatments (p < 0.01)
the specific amounts by which they differ appears to be more a result of arsenic 
application, as will be discussed later.
Arsenic Concentrations in the Roots
Arsenic concentrations in the roots decreased with increased phosphorus 
application levels (Table 6). There was not a significant difference between the two 
different phosphorus application levels in the 0 ppm arsenic treatments, although this 
is to be expected since there is minimal arsenic at this treatment level for the 
phosphorus to interact with. The only arsenic available in this treatment is that from 
the soil inoculum, sterile or active, applied to all pots. In the 3,15, and 50 ppm 
arsenic treatments, however, there were significant differences in arsenic 
concentrations in the roots with differences in phosphorus application. In the 3 ppm 
arsenic treatments, arsenic concentrations in the roots decreased by a factor of five at
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Table 6. The influence of phosphorus and arsenic treatments on arsenic concentrations in the
Arsenic Concentrations in the Roots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Low phosphorus High phosphorus Low phosphorus High phosphorus
treatments treatments treatments treatments
Arsenic Treatment
0 ppm arsenic 1.96a 6.07a 11.670 7.560
3 ppm arsenic 472 26* 90.006* 512.26* 86.506*
IS ppm arsenic 843.3c* 274.4c* 1090c* 361.1c*
50 ppm arsenic 1489c* 5A1.5d* 1288c* 911.1rf*
Note: Separate letters reinesent significant dijfierences wUhin each phosphorous treatment.
^Represent significant differences between low and high jAosphorous treatments (p < 0.01)
high phosphorus application levels. In the 15 ppm treatments, arsenic concentrations 
decreased by a factor of three at high phosphorus application levels, while 
decreasing by half in the 50 ppm treatments (Figure 3, Appendix H). It appears that 
the ability of phosphorus application to influence arsenic concentrations in the roots 
decreases with increased arsenic application.
This effect of phosphorus application on arsenic concentrations is similar to 
that demonstrated with Meharg and Macnair’s work, where increased phosphorus 
application decreased arsenic uptake in non-suppressed plants (Meharg and Macnair, 
1992).
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Arsenic Concentrations in the Shoots
Arsenic concentrations in the shoots were unaffected by increased phosphorus 
application (Table 7). There was only one significant difference in arsenic 
concentrations in the shoots between the high and low phosphorus application
Table 7. The influence of phosphorus and arsenic treatments on arsenic concentrations in the 
shoots of basin wildrye, grown for sixteen weeks in the greenhouse.
Arsenic Concentrations in the Shoots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Low phosphorus High phosphorus Low phosphorus High phosphorus 
treatments treatments treatments treatments
Arsenic Treatment 
0 ppm arsenic 1.2 lo 1.920 2.11a 0.51a
3 ppm arsenic 15.896 19.446 14.316 11.616
15 ppm arsenic 20.786 46.11c 21.566* 33.44c*
50 ppm arsenic 58.88c 67.67c 42.75c 58.88c
Note: Separate letters represent sigiiflcant differences wA&m each phosphorous treatment
^Represent significant difleiences between low and high phosjdiorous treatments (p < 0.01)
levels (Figure 4, Appendix H). Arsenic concentrations were significantly different 
in the 15 ppm arsenic treatment, though this may be due to chance. Since the 
mycorrhizal treatment at the same arsenic level did not demonstrate a significant 
difference and the mycorrhizal and non-mycorrhizal means were not significantly 
different from each other, it seems likely that this one significant difference is of 
little consequence.
It would seem that since phosphorus application affected arsenic 
concentrations in the roots, it would affect the arsenic concentrations in the shoots.
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That it did not implies that the roots are affecting the concentrations found in the 
shoots.
Shoot Biomass
Shoot biomass, normalized to biomass per plant, was unaffected by increased 
phosphorus application except at the 50 ppm applied arsenic treatment (Table 8). 
There were no significant differences in shoot biomass between the low and high
Table 8. The influence of phosphorus and arsenic treatments on shoot biomass per plant of basin 
wildrye, grown for sixteen weeks in the greenhouse.
Shoot Biomass, diy weight (grams)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Low phosphorus High phosphorus Low phosphorus High phosphorus
_______ treatments_______ treatments________ treatments_______ treatments
Arsenic Treatment
0 ppm arsenic 2.8W 3.04a 3.02rf 3.18a
3 ppm arsenic 2.46c 2.88a 2.71c 3.35a
15 ppm arsenic 2.266 3.18a 2.406 3.52a
50 ppm arsenic 0.93a* 4.146* 1.00a* 4,146*
Note: Separate letters represent significant différences miAûi each phosphorous treatment
*Represent significant differences between low and high phosphorous treatments (p < 0.01)
phosphorus application levels in the 0, 3, or 15 ppm arsenic treatments. In the 50 
ppm arsenic treatment, however, shoot biomass was significantly higher at the high 
phosphorus application level (Figure 5, Appendix H).
It was expected that biomass would increase with increased phosphorus 
availability, as seen WxXhAndropogen gerardii (big bluestem) (Hetrick et ai, 1986). 
That the increase was not demonstrated until the highest arsenic application level, 
however, was unexpected. It appears that differences in arsenic application may
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play a role in this increase in biomass, as discussed later (Total shoot biomass per 
pot is provided in Appendix G).
Root Biomass
Root biomass was not analyzed for two reasons. The first is that a substantial 
amount of root mass was lost in the harvesting process in the attempt to separate the 
glass wool (used to inhibit sand loss in the pots) from the roots. The second reason is 
that there was a certain amount of non-extractable sand still left in the roots after 
washing, making it difficult to obtain an accurate weight reading. As a result, any 
conclusions regarding plant biomass are based on shoot biomass.
Roots versus Shoots
At low phosphorus application levels, phosphorus concentrations were found 
to be higher in the roots than in the shoots (Table 9). There was One exception at the
Table 9. The comparison of phosphorus concentrations found in the roots and shoots of basin wildrye
Phosphorus Concentrations in the Roots and Shoots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Roots Shoots Roots Shoots
Arsenic Treatment
0 ppm arsenic 331.1 498.9 305.6 497.8
3 ppm arsenic S32.S 39S.0 598.9 452.2
IS ppm arsenic 843.8 437.8 1017 415.6
SO ppm arsenic 1398 577.5 1197 676.3
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0 ppm applied arsenic level, where there were higher concentrations of phosphorus 
in the shoots than in the roots. This may have been due to the lack of arsenic present 
to inhibit phosphorous translocation. In the 15 and 50 ppm arsenic treatments, 
however, phosphorus concentrations in the roots were double that of those found in 
the shoots (Figure 6, Appendix H).
While high concentrations of nutrients have been shown to accumulate in plant 
roots, nutrients such as phosphorus are usually translocated to the shoots through the 
xylem (Raven, 1992). The higher concentrations of phosphorus in the roots relative 
to the shoots may be a result of increased arsenic availability inhibiting phosphorus 
translocation (Meharg and Macnair, 1992).
At high phosphorous application levels, phosphorus concentrations were found 
to be higher in the shoots than in the roots (Table 10).
Table 10. The comparison of phosphorus concentrations found in the roots and shoots of basin
Phosphorus Concentrations in the Roots and Shoots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Roots Shoots Roots Shoots
Arsenic Treatment
0 ppm arsenic 946.7 2148 922.2 2179
3 ppm arsenic 890.0 1866 923.8 1802
15 ppm arsenic 861.1 1443 912.2 1409
50 ppm arsenic 1128 1230 1267 1158
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In the 0, 3, and 15 ppm arsenic treatments, phosphorus concentrations were higher in 
the shoots than in the roots. In the 50 ppm arsenic treatments, phosphorus 
concentrations appeared to be the same in the roots and the shoots.
In the presence of adequate phosphorus, translocation of phosphorus to the 
shoots from the roots would have been less inhibited by arsenic availability (Meharg 
& Macnair, 1992).
Response to Arsenic Application 
Phosphorus Concentrations in the Roots
Phosphorus concentrations in the roots increased with increasing arsenic 
application (Table 4, Figure 1). At low phosphorus application levels, phosphorus 
concentrations increased significantly from the 0 ppm to the 3 ppm arsenic 
treatments, and from the 3 ppm to the 15 ppm arsenic treatments. Past the 15 ppm 
arsenic treatment, however, phosphorus concentrations in the roots did not increase 
with arsenic application. There was no significant difference in phosphorus 
concentrations between the 15 and 50 ppm arsenic treatments.
At high phosphorus application levels, phosphorus concentrations in the roots 
also increased, although they were only significantly higher in the 50 ppm arsenic 
treatments. There was no significant difference in phosphorus concentrations 
between the 0, 3, and 15 ppm arsenic treatments.
This increase in phosphorus concentrations with increasing arsenic application, 
may be explained by Meharg’s work ( 1994). In plants using a suppressed phosphate 
uptake system, phosphorus concentrations remained higher than arsenic
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concentrations in the shoots, regardless of the phosphorus and arsenic availability. 
However, as arsenic availability increased, arsenic concentrations in the suppressed 
plants also increased, albeit slowly (Meharg, et al, 1994). In order to maintain 
higher phosphorus concentrations than arsenic concentrations in the plants, 
phosphorus uptake would have to increase with increased arsenic uptake, as shown 
in Table 4.
Phosphorus Concentrations in the Shoots
At low phosphorus application levels, phosphorus concentrations in the shoots 
increased with increasing arsenic application (Table 5, Figure 2). The plants treated 
with 0, 3, and 15 ppm arsenic contained the lowest concentrations (they were not 
significantly different), while the 50 ppm applied arsenic treatments contained the 
highest concentrations of phosphorus in their shoots.
These increasing concentrations of phosphorus seen in the shoots are most 
likely a product of the same increasing trend in the roots. That the phosphorus 
concentrations remained the same until the highest arsenic treatment may be a result 
of the above explanation.
At high phosphorus application levels, however, phosphorus concentrations in 
the shoots decreased with increasing arsenic application. The plants treated with 15 
and 50 ppm applied arsenic treatments (not significantly different) contained the 
lowest concentrations of phosphorous in their shoots, while the 0 ppm applied 
arsenic treatments contained the highest concentrations. In this case, the associated 
roots maintained their phosphorus concentrations until the 50 ppm treatment, where
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they increased in phosphorus concentration. This is not, however, reflected in the 
shoots.
It is possible that in the presence of excessive phosphorus, ‘luxury 
consumption’ of phosphorus could occur. Luxury consumption occurs when there is 
an excessive concentration of a nutrient present (Raven, 1992). At the 0 ppm arsenic 
application level, there would be little arsenic to interfere with phosphorus uptake, 
allowing maximum luxury consumption at high phosphorus availability levels. With 
an increase in arsenic application, however, arsenic would begin to interfere with 
phosphorus uptake (Meharg and Macnair, 1992), inhibiting luxury consumption and 
decreasing phosphorus concentrations found in the shoots. This phenomenon would 
not be demonstrated at low phosphorus application levels, where phosphorus 
availability is minimal.
Arsenic Concentrations in the Roots
Arsenic concentrations in the roots increased with increased arsenic application 
(Table 6, Figure 3). At both low and high phosphorus application levels, the 0 ppm 
applied arsenic treatments contained the lowest concentrations of arsenic, while the 
50 ppm treatments contained the highest. The low arsenic concentrations in the 0 
ppm treatments was to be expected, as, again, the only exposure these treatments had 
to arsenic was through the active or sterile soil inoculum applied to all pots. With an 
increase in arsenic application, however, differences between the two phosphorus 
application levels were observed. Overall, arsenic concentrations in the roots were
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higher at low phosphorus application levels than at high phosphorus application 
levels.
At low phosphorus application levels, arsenic concentrations in the roots 
increased dramatically with the first (3 ppm) arsenic application. The arsenic 
concentrations in the roots of the 15 ppm treatments were also significantly higher 
than the 3 ppm treatment. The 15 and 50 ppm treatments were not significantly 
different. These results reflect the arsenic applications at each level. It appears, 
however, that uptake does not increase at the same rate as application level.
At high phosphorus application levels, the increase in arsenic concentrations in 
the roots occurred much more gradually than in the low phosphorus application 
levels (Table 6, Figure 3), with each consecutive increase in arsenic application 
significantly different from the next. Arsenic concentrations in the roots in the 3 
ppm arsenic treatments were approximately 88 ppm (at the high phosphorus level), 
while arsenic concentrations in the 3 ppm arsenic treatments at the low phosphorus 
levels were approximately 500 ppm. In the 15 and 50 ppm applied arsenic 
treatments, a similar pattern was demonstrated.
There was a weak negative correlation (Pearson Correlation Coefficient = 
-0.175,p = 0.01) between light availability and arsenic concentrations in the roots, 
implying that arsenic concentrations increased with decreasing light availability, and 
vice versa. This was unexpected, and there is no conclusive explanation offered at 
this point. Previous work with increased light availability has demonstrated 
increased concentrations of arsenic uptake in plants (Merry et al, 1986).
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Arsenic Concentrations in the Shoots
Arsenic concentrations in the shoots increased with increased arsenic 
application (Table 7, Figure 4), as seen in the roots. Arsenic concentrations in the 
shoots were lowest in the 0 ppm arsenic treatments, and highest in the 50 ppm 
treatments.
At low phosphorus application levels, there were no significant differences in 
arsenic concentrations between the 3 and 15 ppm arsenic, although the arsenic 
concentrations in the shoots at the 50 ppm arsenic treatments were significantly 
higher than either of these.
At high phosphorus application levels, there were no significant differences in 
arsenic concentrations between the 15 and 50 ppm treatments, although both had 
higher concentrations than the 3 ppm treatments.
This response in the shoots would appear to be a product of the concentrations 
found in the roots.
Shoot Biomass
At low phosphorus application levels, shoot biomass decreased with increasing 
arsenic treatments (Table 8, Figure 5). With each increasing arsenic treatment, 
biomass dropped significantly, biomass being highest in the 0 ppm arsenic 
treatments, and lowest in the 50 ppm arsenic treatments. While the decrease in 
biomass was relatively gradual from 0 ppm up to 15 ppm, there was a large drop in 
biomass with the 50 ppm arsenic treatment, which was likely a function of arsenic
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toxicity. These plants in the low phosphorus, 50 ppm arsenic treatment were alive, 
but extremely stunted.
At high phosphorus application levels, shoot biomass actually increased 
slightly in the highest arsenic treatment. While shoot biomass did not significantly 
change with 0, 3, and 15 ppm arsenic application, it increased from an average of 
3.18 grams per plant (0, 3, 15 ppm treatments) to 4.14 grams per plant at the 50 ppm 
level levels. Since arsenic was applied as KH2ASO4, it was possible that the increase 
in biomass was the result of the extra potassium added to the plants along with the 
arsenic (the arsenic was applied as potassium arsenate).
To determine whether the applied potassium might be having an effect on 
basin wildrye, a sample of plants were run to determine their potassium 
concentrations. While the potassium concentrations in the low phosphorus 
treatments were found to be slightly higher at 50 ppm than at the lower arsenic 
treatments (18.3 mg/g K versus 13 mg/g K), there were no significant differences in 
potassium concentrations between arsenic levels in the high phosphorus treatments 
(including the 0 ppm treatment, where no potassium arsenate was applied). Based on 
these analyses, it was concluded that the potassium availability was not contributing 
to increased biomass in the arsenic-treated plants.
It is possible that basin wildrye actually uses arsenic as a nutrient. Liebig 
showed that small amounts of arsenic actually stimulated the growth of citrus plants 
(Liebig, 1959). Stewart and Smith (1922) noted a similar effect on other plants. 
Since the low phosphorus treatments did not show this same increase in growth, 
however, the answer must also involve the excess phosphorus in some way.
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It appears that shoot biomass of basin wildrye benefits from the increased 
availability of phosphorus at higher (50 ppm) arsenic concentrations. The higher 
phosphorus concentrations mentioned earlier at the 50 ppm arsenic concentrations 
may be a result of the explanation given. This increase in phosphorus concentrations 
may lead to increased shoot biomass production through the enhanced health (via 
excess phosphorus presence) of the plant (Salisbury and Ross, 1992).
Roots versus Shoots
Arsenic concentrations in the roots were much higher than in the shoots at both 
low and high phosphorus application levels (Table 11 & 12; Figure 7, Appendix H). 
Other than plants that hyperaccumulate toxins in their shoots such as Indian mustard 
in the Brassicaceae family (Black, 1995), this is an expected result. While 
hyperaccumulating species exhibit shoot/root ratios of toxins greater than 1, non- 
hyperaccumulating species tend to exhibit shoot/root ratios of less than 1 (Baker, 
1981).
Table 11. The comparison of arsenic concentrations found in the roots and shoots of basin
Arsenic Concentrations in the Roots and Shoots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Roots Shoots Roots Shoots
Arsenic Treatment
0 ppm arsenic 7.96 1.21 11.67 2.17
3 ppm arsenic 472.2 15.89 512.2 14.31
15 ppm arsenic 843.3 20.78 1090 21.56
50 ppm arsenic 1489 58.88 1288 42.75
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This is also similar to trends seen with the tolerant grass Agrostis spp (Gregory and 
Bradshaw, 1965). The means of metal tolerance in Agrostis is via the sequestration 
of metals in the roots, specifically in the cell wall. Cell walls are widely recognized 
as the major sites of complexing of metallic elements in higher plants (Ernst, 1972).
Table IZ The comparison of arsenic concentrations found in the roots and shoots of basin
wildrye treated with high phosphorus levels, grown for sixteen weeks in the greenhouse.
Arsenic Concentrations in the Roots and Shoots (ppm)
Mycorrhizal Treatments Non-mycoirhizal Treatments
Roots Shoots Roots Shoots
Arsenic Treatment
0 ppm arsenic 6.07 1.92 7.56 0.57
3 ppm arsenic 90.00 19.44 86.50 11.61
15 ppm arsenic 274.4 46.11 361.1 33.44
50 ppm arsenic 547.5 67.67 911.1 58.88
It may be that arsenic tolerance up to at least 15 ppm in basin wildrye is 
accomplished through the sequestering of arsenic in the roots, specifically the cell 
walls. With the existence of higher concentrations of arsenic (such as 50 ppm), 
however, the plant may require the presence of adequate phosphorus to survive.
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Response to the Interaction o f  Phosphorus and Arsenic Application
Arsenic and Phosphorus Concentrations in the Roots
At low phosphorus application levels, arsenic and phosphorus concentrations 
in the roots were approximately the same at each arsenic application (Table 13). The
Table 13. The comparison of arsenic and phosphorus concentrations found in the roots of basin 
wildrye treated with low phosphoms levels, grown for sixteen weeks in the greenhouse.
Arsenic and Phosphorus Concentrations in the Roots (ppm)
Mycorrhizal Treatments
r
Non-myconbizal Treatments
Arsenic
Concentrations
Phosphorus
Concentrations
Arsenic
Concentrations
Phosphorus
Concentrations
Arsenic Treatment
0 ppm arsenic 7.96 331.1 11.67 305.6
3 ppm arsenic 472.2 532.5 512.2 598.9
15 ppm arsenic 843.3 843.8 1090 1017
50 ppm arsenic 1489 1398 1288 1197
low phosphorous treatment was applied as 3 ppm available phosphorus. This was 
purposely designated so as to compare the interactions between the 3 ppm arsenic 
applications and 3 ppm phosphorus applications. It was hypothesized that when 
confronted with a 1:1 ratio of phosphorus to arsenic, the plants would take up more 
phosphorus as a result of the suppressed phosphate uptake system (Meharg et al, 
1994). It had been shown in the grass Holcus lanatus that the phosphate uptake 
system has a higher affinity for phosphate than for arsenate (Meharg, et al, 1994). 
At higher ratios of arsenic to phosphorus (i.e. 5:1, arsenic phosphorus), it was 
unclear how basin wildrye would respond, although H. lanatus demonstrated 
superior phosphate uptake over arsenate at ratios of up to 13.1 (arsenic : phosphorus).
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At equal availability, it appears that basin wildrye takes up at least the same 
amount of phosphorus versus arsenic. At the higher arsenic treatments, where 
arsenic availability was in excess of phosphorus, the plants continued to take up 
relatively equal amounts of both. This evidence supports the use of a suppressed 
phosphate uptake system in basin wildrye. Although phosphorus concentrations in 
the roots were not found to be in excess of arsenic concentrations, this may be a 
product of the extremely limited availability of phosphorus in these treatments that 
even a suppressed phosphate uptake system could not overcome.
At high phosphorus application levels, phosphorus uptake in the roots was 
higher than arsenic uptake (Table 14). The high phosphorus treatment was applied
Table 14. The compaiison of arsenic and phosphorus concentrations found in the roots of basin
Arsenic and Phosphorus Concentrations in the Roots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Arsenic
Concentrations
Phosphorus
Concentrations
Arsenic
Concentrations
Phosphorus
Concentrations
Arsenic Treatment
0 ppm arsenic 6.07 946.7 7.56 922.2
3 ppm arsenic 90.03 890.0 86.50 923.8
15 ppm arsenic 274.4 861.1 361.1 912.2
50 ppm arsenic 547.5 1127 911.1 1267
as 15 ppm available phosphorus. This too was purposely designated to compare the 
interactions between 15 ppm arsenic applications and 15 ppm phosphorus 
applications. The results shown here also support the presence of a suppressed 
phosphate uptake system, with phosphorus concentrations exceeding arsenic
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concentrations not only where arsenic and phosphorus availability were equal, but 
where arsenic availability exceeded that of phosphorus by more than three times. 
Adequate phosphorus availability in these high phosphorus treatments is likely the 
reason why these treatments parallel Meharg’s work more closely than the low 
phosphorus treatments (Meharg et al, 1994) Meharg’s work looked primarily at 
shoot concentrations of phosphorus and arsenic, however, so the shoot comparisons 
below may present a more complete picture.
Higher phosphorus uptake versus arsenic uptake demonstrated here may also 
be merely a product of the increased availability of phosphorous, allowing the roots 
to preferentially take up phosphorus versus arsenic as a result of sheer volume, as 
described for barley and wheat by Hurd-Karrer (1939).
Arsenic and Phosphorus Concentrations in the Shoots
At both low and high phosphorus application levels, phosphorus concentrations 
were higher than arsenic concentrations in the shoots (Table 15 & 16). These results
Table IS. The comparison of arsenic and phosphorus concentrations found in the shoots of basin
Arsenic and Phoqrhorus Concentrations in the Shoots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Arsenic Phosphorus Arsenic Phosphorus
________________ Concentrations Concentrations_____Concentrations Concentrations
Arsenic Treatment
0 ppm arsenic 1.21 498.9 2.17 497.8
3 ppm arsenic 15.89 395.0 14.31 452.2
15 ppm arsenic 20.78 437.8 21.56 415.6
50 ppm arsenic 58.88 577.5 42.75 676.3
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more closely mirror those of Meharg’s work (Meharg, et al, 1994). At both the 
lowest and highest arsenic application levels, arsenic to phosphorus ratios in the 
shoots of basin wildrye were at least 1:9 (arsenic:phosphorus), again demonstrating 
the ability of the plants to preferentially accumulate phosphorus versus arsenic 
Concentrations of both phosphorus and arsenic found in the shoots were also 
lower than those found in the roots. While phosphorus concentrations decreased by 
roughly half in the shoots, however, arsenic concentrations decreased by a factor of 
25 or more. This sharp decrease in arsenic concentrations in the shoots may be due 
to the accumulation and storage of arsenic in the roots, discussed earlier.
Table 16. The comparison of arsenic and phosphorus concentrations found in the shoots of basin
Arsenic and Phosphorus Concentrations in the Shoots (ppm)
Mycorrhizal Treatments Non-mycorrhizal Treatments
Arsenic
Concentrations
Phosphorus
(Concentrations
Arsenic
Concentrations
Phosphorus
Concentrations
Arsenic Treatment
0 ppm arsenic 1.92 2147 0.57 2179
3 ppm arsenic 19.44 1866 11.61 1802
15 ppm arsenic 46.11 1443 33.44 1409
50 ppm arsenic 67.67 1230 58.88 1158
Arsenic to phosphorus ratios in the shoots were much higher at the high phosphorus 
application levels, with ratios of at least 1:18 (arsenic.phosphorus). As mentioned 
earlier, however, phosphorus concentrations were decreasing with arsenic 
application, potentially explained by the increasingly inhibited ability to perform 
luxury consumption of phosphorus with increasing arsenic application.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
62
That arsenic concentrations in the shoots remain the same while phosphorus 
concentrations fluctuate between the high and low phosphorus treatments 
demonstrates that the concentrations of phosphorus and arsenic in the shoots are 
directly a product of uptake in the roots, and not due to any interactions in the 
shoots.
pH  Analysis o f Fertilizer and Arsenic
The pH of the fertilizer/arsenic solution applied to the plants varied slightly 
between arsenic and phosphorus concentrations, ranging from 4.41 to 5.04 
(Appendix C). It seems unlikely that these slight differences in pH could have 
effected the treatments differently, but it is certainly possible. That the pH was low 
may have also effected the availability of arsenic and phosphorus, although this also 
seems doubtful. It has been shown that plants such as the moss Hylocomium 
splendem display optimal uptake of arsenate between pH 3 and 5 in solution (Wells 
and Richardson, 1985). The use of Hoagland’s solution to deliver phosphate to 
plants is also a standard practice, and this low pH is the normal pH of Vi strength 
Hoagland’s solution.
Plant and Soil Samples from Mycorrhizal Inoculum Collection Site
The soil at the site was determined to be a sandy loam, with 74% sand, 14% 
silt, and 12% clay. It had a pH of 8.3, and an available phosphorus concentration of 
23 ppm. The total arsenic concentration was 879 ppm, with 1.26 ppm available.
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The basin wildrye plants sampled at this site contained similar ratios of arsenic 
in the roots and the shoots. The root concentrations of arsenic for plant samples 1, 2, 
and 3 were 28, 22, and 24 ppm arsenic, respectively. The shoot concentrations of 
arsenic for these same plants were 6.9, 7.3, and 5.4, respectively. Phosphorus 
analysis was not performed on these plants.
Table 17. Comparison of arsenic concentrations found in the roots and shoots of basin wildrye
Arsenic Concentrations in the Roots and Shoots (ppm)
Greenhouse Nevada mine site
Roots Shoots Roots Shoots
Arsenic Availability
0 ppm arsenic 6.82 1.25 — —
1.26 ppm arsenic — — 24.67 6.53
3 ppm arsenic 88.30 15.53 — —
For plants growing at 23 ppm available phosphorus and 1.26 ppm available arsenic, 
(such as those conditions in the field), we might expect to see concentrations of 
arsenic in the roots and the shoots somewhere between those found in our 0 ppm and 
3 ppm applied arsenic levels (at high phosphorus application). As it turns out, the 
field plants follow these trends (Table 17). This is a nice confirmation that adequate 
conditions were met in the greenhouse to provide basin wildrye with a growing 
environment not unlike its wild setting. It was particularly fortunate that basin 
wildrye preferentially grows in sandy loam soils (Walker and Brotherson, 1982). 
This certmnly contributed to its successful growth in an otherwise hostile medium.
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CHAPTER 4 • CONCLUSIONS
Based on the evidence from this study, it is concluded that the arsenic tolerance 
of basin wildrye is probably not dependent on mycorrhizal colonization. Not only 
did the plants take up the same amount of arsenic with and without mycorrhizal 
inoculation, but they produced the same amount of biomass with and without them 
as well. Phosphorus uptake was also unaffected by the presence or absence of 
mycorrhizae.
What is not known are the benefits that mycorrhizae may impart to basin 
wildrye in a field setting. This experiment was conducted in a greenhouse setting.
As mentioned earlier, essential nutrients were provided to the plants via fertilizer in 
order to ensure operational plants. These additions may not have allowed the 
mycorrhizae to demonstrate their full potential for increased nutrient uptake, thus 
improving growing conditions for the plants in a nutrient-poor environment. 
Mycorrhizal fungi are also known to protect plant roots from pathogens and enhance 
plant drought tolerance (Dosskey, et al 1990), advantages that were not needed in a 
greenhouse setting, but could be very helpful in the field. To determine the true 
importance of mycorrhizae in this arena, it is recommended that a field study be 
conducted on arsenic-rich, nutrient limited soil, with and without mycorrhizal 
inoculation.
It would also be interesting to conduct further research into the culturing of 
this arsenic-tolerant mycorrhizae. If field trials prove mycorrhizae to be 
substantially beneficial in aiding nutrient and water uptake in basin wildrye on mine
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sites, these arsenic tolerant mycorrhizae would be of great interest to those 
performing restoration of arsenic-rich sites.
It was concluded that there were significant general trends observed in 
response to the application of arsenic or phosphorus. The interaction of the two, 
however, provided the most interesting information.
In response to phosphorus application, phosphorus concentrations in both the 
roots and shoots increased with increased availability. Arsenic concentrations in the 
roots decreased with increasing phosphorus application, while arsenic concentrations 
in the shoots were unaffected with increased application. Shoot biomass was 
generally unaffected by increased phosphorus application, though a significant 
increase in biomass did occur in the 50 ppm arsenic treatments. Phosphorus 
concentrations in the roots were higher than in the shoots at low phosphorus 
application levels, while the opposite was demonstrated at the high phosphorus 
levels.
In response to arsenic application, phosphorus concentrations in the roots 
increased with increased availability. Phosphorus concentrations in the shoots 
increased with arsenic application at the low phosphorus application levels. Arsenic 
concentrations increased with increasing arsenic application in both the shoots and 
the roots. Biomass decreased with increasing arsenic application at low phosphorus 
application levels, and increased slightly at high phosphorus application levels. 
Arsenic concentrations were higher in the roots than the shoots.
Regarding arsenic and phosphorus interactions, arsenic and phosphorus 
concentrations were balanced in the roots, regardless of arsenic application, at low
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phosphorus application levels. Phosphorus concentrations were higher than arsenic 
concentrations in the roots at high phosphorus application levels. In the shoots, 
phosphorus concentrations were higher than arsenic concentrations.
It was concluded that the roots in basin wildrye act as mediators for arsenic 
accumulation in the plants, and may act as a means of arsenic tolerance in the plants. 
This is supported by the much higher arsenic concentrations in the roots than in the 
shoots. While it is not known for sure, it is ventured that the plants may be 
sequestering arsenic in their roots, perhaps in the cell walls, as seen in the tolerant 
grass Agrostis (Gregory and Bradshaw, 1965). As mentioned earlier, cell walls are 
recognized as the major sites of complexing of metallic elements in higher plants 
(Ernst, 1972).
Sequestration of arsenic in the roots alone, however, does not provide complete 
arsenic tolerance. Biomass reduction with increasing arsenic application was 
demonstrated at low phosphorus application levels, although not at high phosphorus 
application levels. This implies that basin wildrye is also dependent on phosphorus 
availability to survive high arsenic soils, particularly above 15 ppm arsenic.
Biomass production was the same between the low and high phosphorus application 
levels except at the 50 ppm arsenic treatment. At this level, biomass was 
significantly reduced at the low phosphorus application levels, and higher at the high 
phosphorus application levels. It may be that at extreme arsenic concentrations such 
as this, basin wildrye requires adequate phosphorus availability to survive. Higher 
phosphorus availability would act to inhibit arsenic uptake (Meharg and Macnair, 
1992).
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There appears to be evidence for a suppressed phosphate uptake system in 
basin wildrye. At the low phosphorus application levels, phosphorus concentrations 
in the shoots remained at least equal to arsenic concentrations in the shoots as 
arsenic availability increased (Table 15). At high phosphorus application levels, 
phosphorus concentrations in shoots were much higher than arsenic concentrations at 
each arsenic level (Table 16). This mirrors what was seen by Meharg in his research 
with the arsenic-tolerant grass Holcus lanatus (Meharg, et ai, 1994). Holcus lanatus 
uses a suppressed phosphate uptake system to withstand high arsenic availability. 
Arsenic concentrations in the shoots also did not vary much between high and low 
phosphorus applications (Table 7), as seen by Meharg as a result of a suppressed 
phosphate uptake system (Meharg, et ai, 1994). Arsenic to phosphorus ratios in the 
roots also support this work (Tables 14 and 15).
Based on this evidence, it appears that basin wildrye may be using a 
suppressed phosphate uptake system to improve arsenic tolerance. However, more 
research would be required to make any definite conclusions.
That healthy plants at 50 ppm applied arsenic withstood arsenic concentrations 
of up to 1400 ppm arsenic in their roots, and up to 150 ppm in their shoots 
demonstrates the incredible potential for the use of basin wildrye to revegetate 
arsenic-laden sites.
In conclusion, several recommendations are made to restorationists using basin 
wildrye on arsenic-rich soils. With baseline levels of phosphorus of at least 3 ppm 
available phosphorus in the soil, and arsenic concentrations of no higher than 15 
ppm available arsenic (remember that while the soil at the mycorrhizal collection
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site had a total arsenic concentration of 879 ppm, the available arsenic concentration 
was only 1.26 ppm), it does not appear that phosphorus fertilization would be 
required, although it would be helpful. With concentrations of arsenic higher than 
this, phosphorus fertilization to at least 15 ppm available phosphorus would be 
mandatory to ensure healthy plants.
Remember that these specific recommendations may only hold true for the 
Trailhead variety of basin wildrye. Successful restoration would also be dependent 
on other satisfactory site conditions, of course. A study investigating the drought 
tolerance of basin wildrye found that while mature plants were well adapted to 
saline, arid soils, they definitely required ample moisture to establish from seed. It 
was recommended that in the case of revegetation efforts, saline, arid soils should 
not be seeded without supplemental irrigation (Roundy, 1985a). While spring 
precipitation may provide adequate moisture for germination, this is an important 
factor to consider in potentially dry years.
This experiment has not only provided insight into the physiology and arsenic 
tolerance levels of basin wildrye, but it has provided a basis for future studies. The 
information gained here should significantly contribute to improved restoration 
efforts of arsenic-laden sites.
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APPENDIX A ♦ Treatment Data (9 replicates each)
Treatment Shoot Shoot Shoot Root Root Sample
Type Biomass Arsenic Phosph. Arsenic Phosph. #
per/pint Cone. Cone. Cone. Cone.
(grams) (ug/g) (ug/g) (ug/g) (ug/g)
MSOp 0.44 45 180 1100 1410 1
MSOp 0.23 52 1340 1800 1560 2
M50p 1.03 73 600 2300 1490 3
MSOp 1.23 24 600 1200 750 4
MSOp 0.58 65 730 1600 1720 5
MSOp 2.64 51 470 1200 880 6
MSOp 0.29 63 750 1300 1680 7
MSOp 1.38 98 530 1100 1030 8
MSOp 0.50 150 760 1800 2060 9
MSOP 3.34 71 1620 900 1300 10
MSOP 5.72 65 1230 1400 1480 11
MSOP 3.80 52 1140 510 870 12
MSOP 5.84 29 590 580 1250 13
MSOP 4.24 100 990 610 1030 14
MSOP 2.78 74 1530 310 830 15
MSOP 3.75 81 1230 460 1190 16
MSOP 4.10 77 1530 340 1010 17
MSOP 3.71 60 1210 670 1190 18
MlSp 2.22 12 510 530 850 19
MlSp 2.06 16 480 770 790 20
MlSp 2.67 21 310 860 770 21
MlSp 2.18 16 450 1100 860 22
MlSp 1.75 25 590 710 840 23
MlSp 2.16 21 470 1200 1210 24
MlSp 2.12 30 410 750 900 25
MlSp 1.91 22 400 1000 990 26
MlSp 3.24 24 320 670 750 27
MlSP 3.69 35 1240 180 770 28
MlSP 3.19 45 1270 260 860 29
MlSP 2.65 30 1480 450 1090 30
MlSP 3.50 62 1390 210 820 31
MlSP 3.71 38 1360 330 920 32
MlSP 2.81 56 1480 200 720 33
MlSP 3.48 58 1680 220 830 34
MlSP 2.42 27 2580 270 770 35
MlSP 3.14 64 1640 350 970 36
*ug/g=ppm
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Treatment Shoot Shoot Shoot Root Root Sample
Type Biomass Arsenic Phosph. Arsenic Phosph. #
per/pint Cone. Cone. Cone. Cone.
(grams) (ug/g) (ug/g) (ug/g) (ug/g)
M3p 2.20 17 370 490 570 37
M3p 2.64 20 420 640 660 38
M3p 2.76 17 390 440 490 39
M3p 1.20 20 1140 690 840 40
M3p 2.51 21 390 510 590 41
M3p 2.56 14 480 430 560 42
M3p 2.82 12 380 320 480 43
M3p 2.92 10 410 370 480 44
M3p 2.57 12 320 360 430 45
M3P 2.48 18 2380 100 910 46
M3P 3.20 19 1550 70 780 47
M3P 3.07 20 1840 100 890 48
M3P 2.49 26 2080 100 880 49
M3P 3.11 14 1580 80 890 50
M3P 2.55 12 2320 100 980 51
M3P 3.23 18 1780 100 900 52
M3P 2.89 31 1300 80 1030 53
M3P 2.86 17 1960 80 750 54
MOp 2.62 1.2 530 0.05 360 55
MOp 3.54 0.05 410 4.5 260 56
MOp 2.76 1.5 500 7.7 360 57
MOp 2.82 1.1 660 11 350 58
MOp 2.90 1.2 480 7.5 290 59
MOp 2.75 1 530 11 380 60
MOp 2.73 1.2 430 6.9 210 61
MOp 2.64 1.3 450 12 340 62
MOp 2.53 2.3 500 11 430 63
MOP 3.70 1.2 2250 4.1 980 64
MOP 2.75 1.7 2500 11 1010 65
MOP 5.06 0.05 1790 7.4 750 66
MOP 2.20 6.4 2240 5.6 1250 67
MOP 3.24 1.7 2320 4 860 68
MOP 2.28 1 2040 6.6 1010 69
MOP 2.27 2.7 2340 5.5 940 70
MOP 2.72 1.3 1530 5 1100 71
MOP 3.18 1.2 2320 5.4 620 72
*ug/g=ppm
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Treatment Shoot Shoot Shoot Root Root Sample
Type Biomass Arsenic Phosph. Arsenic Phosph. #
per/pint Cone. Cone. Cone. Cone.
(grams) (ug/g) (ug/g) (ug/g) (ug/g)
NMSOp 0.09 120 1820 1100 1560 73
NMSOp 1.13 59 680 1600 1490 74
NMSOp 1.04 35 570 1500 1210 75
NMSOp 0.20 51 980 1300 1160 76
NMSOp 0.20 55 1120 940 1190 77
NMSOp 2.03 27 470 1900 1300 78
NMSOp 1.71 32 470 870 830 79
NMSOp 0.88 35 610 1500 1200 80
NMSOp 1.73 48 510 880 830 81
NMSOP 4.08 82 1240 630 1100 82
NMSOP 3.74 140 1180 910 1240 83
NMSOP 4.15 46 1300 1200 1560 84
NMSOP 5.60 44 940 810 1130 85
NMSOP 4.72 56 1200 780 1160 86
NMSOP 3.21 43 1310 640 1220 87
NMSOP 4.77 64 940 1400 1650 88
NMSOP 4.03 48 1190 730 880 89
NMSOP 2.95 88 1120 1100 1460 90
NMlSp 3.14 20 350 1300 1160 91
NMlSp 2.80 18 360 910 920 92
NMlSp 1.27 34 550 1600 1560 93
NMlSp 2.66 27 340 900 820 94
NMlSp 3.52 25 310 1000 780 95
NMlSp 2.61 13 330 830 1010 96
NMlSp 2.02 16 490 890 910 97
NMlSp 1.66 18 530 980 920 98
NMlSp 1.91 23 480 1400 1070 99
NMlSP 2.93 36 1630 500 990 100
NMlSP 3.29 33 1220 360 800 101
NMlSP 3.56 47 1720 450 1130 102
NMlSP 2.6 34 1340 210 760 103
NMlSP 3.76 27 1720 390 1020 104
NMlSP 4.78 27 1080 460 920 105
NMlSP 2.78 34 1380 230 760 106
NMlSP 3.74 29 1550 290 890 107
NMlSP 4.24 34 1040 360 940 108
*ug/g=ppm
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Treatment Shoot Shoot Shoot Root Root Sample
Type Biomass Arsenic Phosph. Arsenic Phosph. #
per/pint Cone. Cone. Cone. Cone.
(grams) (ug/g) (ug/g) (ug/g) (ug/g)
NM3p 2.51 14 560 600 760 109
NM3p 3.54 12 350 370 420 110
NM3p 1.82 16 670 580 640 111
NM3p 2.69 13 340 390 490 112
NM3p 2.41 18 510 640 670 113
NM3p 3.40 14 350 430 560 114
NM3p 2.95 17 380 440 550 115
NM3p 2.62 17 410 650 700 116
NM3p 2.49 7.8 500 510 600 117
NM3P 2.53 21 1970 110 1090 118
NM3P 3.92 17 1480 66 520 119
NM3P 3.51 1.3 1960 57 870 120
NM3P 3.48 12 1520 77 780 121
NM3P 3.23 11 1740 120 1030 122
NM3P 3.23 12 1610 99 930 123
NM3P 3.48 6.2 2160 55 830 124
NM3P 2.81 14 2010 130 950 125
NM3P 3.94 10 1770 65 910 126
NMOp 3.15 1.1 420 7.8 280 127
NMOp 2.38 0.05 640 9.2 380 128
NMOp 3.60 1.5 360 12 270 129
NMOp 2.59 12 640 8 310 130
NMOp 2.94 1.3 580 19 350 131
NMOp 2.87 1.4 470 12 320 132
NMOp 3.86 0.05 410 7 260 133
NMOp 2.90 1.1 470 14 250 134
NMOp 2.91 1 490 16 330 135
NMOP 2.81 1.4 2330 4.9 1040 136
NMOP 3.31 1 2660 5.9 730 137
NMOP 3.73 0.05 1630 5.8 970 138
NMOP 3.21 0.05 1900 7.3 820 139
NMOP 2.72 0.05 2650 11 920 140
NMOP 3.04 1.3 1930 4.4 1020 141
NMOP 3.46 0.05 2180 4.1 970 142
NMOP 3.05 0.05 2120 20 910 143
NMOP 3.29 1.2 2210 4.6 920 144
»ug/g=ppm
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
79
APPENDIX B # % Strength Hoagland*s Solution / Arsenic Solution
Stock Solutions;
1 M Ca (NO]); 236.1 g/L
IMKNO] 85g/L
1 M MgS04 120.4 g/L
IM KH 2PO4 136.1 g/L
1 MKCl 74.6 g/L
Fe EDTA stock 9.6 g Geigy Sequesterene NAPE 13% in 150 ml beaker. Wet 
to make paste. Transfer to 250 ml volumetric flask and fill to 
volume. Label FeEDTA 5 mg/ml.
A-5 Micronutrient Add 2-4 drops concentrated HCl to about 750 mis distilled
Solution water in a 1 L volumetric flask. Add to the flask and dissolve 
one at a time the following;
MnCl; 4 H2O 1.81 g CuCl; 0.053 g 
ZnCl; 0.105 g Na;Mo04 2H ;0  0.126 g
Then place 2.86 g H3BO 3 in a separate 100 ml beaker and add 
distilled water to wet and make a paste. Add more distilled 
water and transfer quantitatively to the 1 L volumetric flask 
above. Mix. Fill to volume. Mix again.
Inorganic Phosphorus Recipe;
Add per 20L tub 
strength
Low P (3 ppm) High P 0 5  ppm) Normal P for % strength
Ca(N03)2 25 ml 25 ml 25 ml
KNO3 25 m! 25 ml 25 ml
MgS04 10 ml 10 ml 10 ml
KH2PO4 1.9 ml 9.6 ml 5 ml
KCl 25 ml 25 ml 25 ml
FeEDTA 5 ml 5 ml 5 ml
A-5 Micronutrient 5 ml 5 ml 5 ml
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Arsenic Treatment Solution
KH2ASO4 5,000 ppm stock solution 24.04 g/L
3 ppm arsenic/fertilizer 2.27 mis of 5000 ppm stock in 3.78 L (1 gal) of
appropriate fertilizer
15 ppm arsenic/fertilizer 11.34 mis of 5000 ppm stock in 3 .78 L (1 gal) of
appropriate fertilizer
50 ppm arsenic/fertilizer 37.8 mis of 5000 ppm stock in 3.78 L (1 gal) of
appropriate fertilizer
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APPENDIX C ♦ pH Values of Hoagland’s/Arsenic Solution
pH Values of Treatment Fertilizer/Arsenic Solutions
Low phosphorus High phosphorus 
(3 ppm) (15 ppm)
Arsenic
Treatments
0 ppm arsenic 
3 ppm arsenic 
15 ppm arsenic 
50 ppm arsenic
5.00 5.04
4.93 4.69
4.62 4.53
4.54 4.41
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APPENDIX D # Soil Analysis of Havingdon Site
Performed by:
Stukenholtz Laboratory, Inc.
Addison Avenue East
P.O. Box 353
Twin Falls, Idaho 83303
Soil Test Results Havingdon Soil Sample
PH 8.3
EC 0.8
Sodium, meq/lOOg 0.2
Excess lime, % 3.3
O M , % 0.35
NO3 -N, % 6
Avail. P, ppm 23
Avail. K, ppm 125
Ca, meq/lOOg 9.5
Mg, meq/lOOg 0.6
Sulfur, ppm 2
Zinc, ppm 2.7
Iron, ppm 7.9
Manganese, ppm 2.9
Copper, ppm 2.4
Boron, ppm 0.45
CEC, meq/lOOg 10.6
%Ca of CEC 89.6
% Mg of CEC 5.7
%KofCEC 3.9
SAR 0.56
Total Arsenic, ppm 879
Avail. Arsenic, ppm 1.26
Bray #1, ppm 34
Bray #2, ppm 64
% Sand 74.0
% Silt 14.0
% Clay 12.0
Soil Texture SaLo
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APPENDIX E * Potassium Analysis
Performed by:
Sierra Environmental Monitoring, Inc.
1135 Financial Blvd.
Reno, NV 89502
Treatment Tvpe £  Potassium Concentration
NM50p 74 21 mg/g
NM50p 75 17 mg/g
NMSOp 80 17 mg/g
NMSOP 82 11 mg/g
NMSOP 84 12 mg/g
NMSOP 89 13 mg/g
NMlSp 92 14 mg/g
NMlSp 94 12 mg/g
NMlSp 96 12 mg/g
NM3p 109 14 mg/g
NM3p 112 12 mg/g
NM3p 116 13 mg/g
NMOp 131 IS mg/g
NMOp 132 13 mg/g
NMOp 134 15 mg/g
NMOP 139 11 mg/g
NMOP 141 14 mg/g
NMOP 143 IS mg/g
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APPENDIX F •  Arsenic and Phosphorus Concentrations of Pot 
Sand
Performed by:
Sierra Environmental Monitoring, Inc.
1135 Financial Blvd.
Reno, NV 89502
Treatment
Type
Arsenic
Concentration
Phosphorus
Concentration
Bulk sand samples
from each treatment
MOp < 1.0 ug/g 1.7 mg/kg
MOP < 1.0 ug/g 8.0 mg/kg
M3p < 1.0 ug/g 2.9 mg/kg
M3P < 1.0 ug/g 8.4 mg/kg
M15p 2.2 ug/g 3.6 mg/kg
M15P 2.7 ug/g 10.0 mg/kg
M50p 3.6 ug/g 3.7 mg/kg
M50P 4.6 ug/g 11.7 mg/kg
NMOp < 1.0 ug/g 2.7 mg/kg
NMOP < 1.0 ug/g 7.8 mg/kg
NM3p < 1.0 ug/g 3.8 mg/kg
NM3P 1.1 ug/g 12.0 mg/kg
NM15p 1.5 ug/g 4.5 mg/kg
NM15P 2.9 ug/g 10.3 mg/kg
NM50p 2.3 ug/g 3.1 mg/kg
NM50P 4.2 ug/g 13.6 mg/kg
*ug/g-ppm
**77iis analysis was performed only to confirm that arsenic and phosphorus 
concentrations did not build up in thé pots over the course o f the experiment (i.e. to 
confirm efficient flushing ' each week). Without replicates, no further analysis on 
these concentrations in the sand can be performed.
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APPENDIX G * Total Shoot Biomass per Pot (drv weight in grams)
Titmt Total Trtmt Total
Type Shoot Type Shoot
Biomass Biomass
(grams) (grams)
MSOp 1.33 Mean 3.08 M3p 8.81 Mean 9.86
MSOp 0.91 Std Err. 0.80 M3p 10.55 Std Err. 0.69
MSOp 4.14 M3p 11.05
MSOp 4.92 M3p 4.8
MSOp 1.74 M3p 10.05
MSOp 7.93 M3p 10.26
MSOp 0.58 M3p 11.29
MSOp 4.15 M3p 11.66
MSOp 2.02 M3p 10.26
MSOP 13.36 Mean 14.2 M3P 9.93 Mean 11.5
MSOP 17.16 Std Err. 1.53 M3P 12.82 Std. Err. 0.41
MSOP 15.2 M3P 12.29
MSOP 23-34 M3P 9.94
MSOP 16.97 M3P 12.44
MSOP 11.12 M3P 10.2
MSOP 11.25 M3P 12.92
MSOP 12.31 M3P 11.56
MSOP 7.41 M3P 11.46
MlSp 8.87 Mean 9.02 MOp 10.49 Mean 10.9
MlSp 8.25 Std Err. 0.59 M(^ 14.15 Std Err. 0.50
MlSp 10.66 M(^ 11.05
MlSp 8.73 M(^ 8.46
MlSp 6.99 MOp 11.62
MlSp 8.64 MOp 11
MlSp 8.47 MOp 10.92
MlSp 7.64 MOp 10.55
MlSp 12.97 MOp 10.12
MlSP 14.78 Mean 12.70 MOP 14.81 Mean 11.61
MlSP 12.76 Std Err. 0.621 MOP 10.99 Std. Err. 0.81
MlSP 10.61 MOP 15.17
M15P 13.98 MOP 8.81
M15P 14.83 MOP 12.95
MlSP 11.24 MOP 9.11
M15P 13.93 MOP 9.06
M15P 9.67 MOP 10.91
MlSP 12.55 MOP 12.71
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Trtmt Total Trtmt Total
Type Shoot Type Shoot
Biomass Biomass
(grams) (grams)
NMSOp 0.18 Mean 3.28 NM3p 10.04 Mean 10.9
NMSOp 3.39 Std Err. 0.82 NM3p 14.16 Std Err. 0.70
NMSOp 3.11 NM3p 7.28
NMSOp 0.4 NM3p 10.75
NMSOp 0.83 NM3p 9.64
NMSOp 6.08 NM3p 13.61
NMSOp 6.86 NM3p 11.82
NMSOp 3.54 NM3p 10.47
NMSOp 5.18 NM3p 9.96
NMSOP 16.32 Mean 16.6 NM3P 10.13 Mean 13.4
NMSOP 14.95 Std Err. 1.09 NM3P 15.67 Std. Err. 0.62
NMSOP 16.62 NM3P 14.05
NMSOP 22.39 NM3P 13.9
NMSOP 18.86 NM3P 12.93
NMSOP 12.82 NM3P 12.91
NMSOP 19.07 NM3P 13.93
NMSOP 16.13 NM3P 11.23
NMSOP 11.8 NM3P 15.74
NMlSp 12.54 Mean 9.40 NMOp 12.59 Mean 12.1
NMlSp 11.19 Std Err. 1.06 NMOp 9.51 Std Err. 0.62
NMlSp 5.06 NMOp 14.39
NMlSp 10.63 NMOp 10.34
NMlSp 14.07 NMOp 11.77
NMlSp 10.45 NMOp 11.47
NMlSp 8.06 NMOp 15.42
NMlSp 4.98 NMOp 11.59
NMlSp 7.62 NMOp 11.63
NMlSP 11.71 Mean 13.6 NMOP 11.23 Mean 12.7
NMlSP 13.15 Std Err. 0.98 NMOP 13.24 Std. Err. 0.42
NMlSP 14.24 NMOP 14.93
NM15P 10.4 NMOP 12.85
NM15P 11.27 NMOP 10.86
NMlSP 19.11 NMOP 12.17
NMlSP 11.12 NMOP 13.83
NMlSP 14.96 NMOP 12.21
NMlSP 16.98 NMOP 13.17
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APPENDIX H .  FIGURES
♦See Table 1 for Code Explanations.
Phosphorus Concentrations in Roots (ug/g)
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Figure 1. Phosphorus concentrations in the roots of basin wildrye, treated with 
phosphorus and arsenic and grown in the greenhouse for sixteen weeks.
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Phosphorus Concentrations in Shoots (ug/g)
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Figure 2. Phosphorus concentrations in the shoots of basin wildrye, treated with 
phosphorus and arsenic and grown in the greenhouse for sixteen weeks.
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Arsenic Concentrations in Roots (ug/g)
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Figure 3. Arsenic concentrations in the roots of basin wildrye, treated with 
phosphorus and arsenic and grown in the greenhouse for sixteen weeks.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
90
Arsenic Concentrations in Shoots (ug/g)
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Figure 4. Arsenic concentrations in the shoots of basin wildrye, treated with 
phosphorus and arsenic and grown in the greenhouse for sixteen weeks.
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Shoot Biomass, per plant (grams)
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Figure 5. Shoot biomass of basin wildrye, treated with phosphorus and arsenic and 
grown in the greenhouse for sixteen weeks.
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Figure 6. Phosphorus concentrations in the roots and shoots of basin wildrye, 
treated with phosphorus and arsenic and grown in the greenhouse for sixteen weeks.
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Root/Shoot Arsenic Concentrations (ug/g)
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Figure 7. Arsenic concentrations in the roots and shoots of basin wildrye, treated 
with phosphorus and arsenic and grown in the greenhouse for sixteen weeks.
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